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Abstract

With the 2019 European Green Deal, the EU has set an ambitious roadmap to enable European cit-
izens to benefit from aGreen Transition. One of themain goal of the Green Deal is the deployment
of renewable energy sources. Within these, solar power has been identified as the fastest growing
source. Within solar technologies, crystalline-silicon (c-Si) based account for a market share of
95%. Nevertheless, large-scale production of solar PVs encounters many challenges, due to the
current solar industry design. Countries that aim at developing solar technology on a significant
scale, have to face China’s current market dominance. China is the largest producer, exporter, and
installer of solar panels, on a worldwide scale.

The final goal of the research is to evaluate if and how could China impede the competitiveness
or market expansion of Member States in the c-Si solar-tech industry. The main research question
therefore is:

What is China’s market dominance when compared to the European Union in the solar panels

global industry?

The analysis is structured by following the application of a novel Analytical Framework that takes
into account all the significant factors that are able to influence the solar market dynamics. From
the application of Analytical Framework to the EU-China case-study emerges the Market Domi-
nance Assessment, that analyses the actual market dominance of China, with respect to the Euro-
pean Union, in the commercialization of c-Si technologies.

Three are the main takeaways that can be drawn from theMarket Dominance Assessment. Firstly,
China, technically, controls over 80% of the worldwide c-Si solar market; each variable of the Ana-
lytical Framework confirms the predominance of Chinese companies along the global solar supply
chain, creating a situation where European parties cannot have access to those resources that al-
lowed China to reach its current status. Secondly, the European Union is dependent on imports of
Chinese c-Si panels, at the point that 90% of the current PV installations in the European territory
come from China and few other Asian countries; at the same time, the EU is China’s number one
trading partner. C-si panels trading, therefore, over years, created a situation of mutual depen-
dency among the two market parties, where the EU is dependent of Chinese export rates, while
China, to avoid over-supply, is dependent on European import rates. Thirdly, the best market
strategy that Member States can apply is to accept and recognize the market dominance of China,
and work to strengthen the domestic solar industry by tackling local weaknesses. As outlined in
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the policy options, the European Union, on my advice, should work, in the first place, towards the
implementation of a European electricity market.

In conclusion, the European Union, therefore, remains highly dependent on Chinese c-Si panels,
and this dependency is expected to rise in the coming years, due to future European plans to foster
solar energy. Anyhow, with the right policies and an adequate degree of investments in the solar
industry, European countries will easily be able to reach the goals set in the EuropeanGreenDeal.
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1 Introduction

The European Union aims at becoming the world’s first climate-neutral continent by 2050 [1].
With the 2019 European Green Deal [2], the EU has set an ambitious roadmap to enable European
citizens and businesses to benefit from a Green Transition.

Main goals of the Green Transition are: a considerable reduction in the dependency on fossil fuels;
the lowering of GHG emissions; and the creation of jobs in the Green-Tech industry [2]. The
growth of renewable energy sources, indeed, is expected to stimulate employment throughout
the whole EU: implementing the Paris Agreement, in full worldwide, could create 18 million net
additional jobs by 2030 due to changes in the production and use of energy [3]. In the EU, the
Green Transition was expected to create 1.2 million additional jobs before the outbreak of COVID-
19 [4].

In the EU, three are the main renewable energy sources that, during the period from 2009 to 2019,
peaked as electricity generation sources. These are solar power, wind power and solid biofuels.
Within these, solar power has been identified as the fastest growing source [5]. As of 2019, elec-
tricity generated from solar power reached 125.7 TWh, compared to just 7.4 TWh in 2008 [5].

Nevertheless, large-scale production of solar PVs does not come without challenges for the EU
[6]. There are, in fact, many characteristics of the solar-tech supply chain that complicate the
access to this industry [7]. These characteristics have a twofold socio-technical nature [7]. Social,
since countries that aim at developing solar technology on a significant scale, have to face China’s
current market dominance [8]. Worldwide, out of the 25 main solar PV panels manufacturing
companies, 12 are Chinese, and theymake up formore than 50 [9]. And technical, since large-scale
production of solar PV panels requires adequate clean-tech know-how and industrial resources
[7].

A first characteristic of the solar PVs technology manufacturing chain is the usage of rare earth
materials [10]. One single PVpanel requires, on average, the use of 19metals andmineral products
[10]. Out of these, 8 metals face supply challenges, due to geopolitical risks and the low number
of suppliers [10]. Rare earth materials, in addition, are not only used in the production of solar
PV panels, but also in other forms of clean technologies [11]. Given the high demand and China’s
control for over 80 % of global supply [12], there exists a risk for European Countries to incur in
the scarcity of these materials.

Secondly, rights to commercialise specific solar PVs for pre-established periods, are assigned with
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patents [13]. Patents are therefore a key part of the solar tech supply chain [14]. In the last decade,
patenting rates in clean energy technologies have peaked, surpassing rates of traditional energy
fields such as fossil fuels and nuclear [15]. In the EU, Germany accounts for almost 31.000 energy
patents by 2017 [15]. In the global solar chain, however, it is China that leads the way [13]. Since
patents guarantee commercial rights to enter amarketwith a specific product, EuropeanPVpanels
could face limitations given by patents hold by other economic actors [16].

In addition to the availability of rare earth materials and to the control over commercial rights,
solar power requires an adequate production capacity, in order to have a significant impact on the
solar power industry growth [17]. If the EU wants to increase the degree of deployment of solar
technology and reach the goals set in the European Green Deal [1], countries must be equipped
with the necessary infrastructures.

1.1 Problem Statement

Reaching the greenhouse gas emissions targets sought in the Paris Climate Agreement means that
the availability of rare earth minerals must increase by 12 times by 2050 [18]. There is a concrete
risk, therefore, for shortages of these materials to happen, potentially causing damages to the
worldwide solar-tech industry [18]. In this "Green TechRace", countries that have access to natural
reserves position themselves in an advantageous position [19]. When looking at the actual state
of the solar supply chain, China, in particular, accounts for over 95 % of the world’s production
of rare earths [12]. Also, in the past, the Chinese government was not afraid to use control over
rare earths extraction and distribution as a means of exerting geopolitical dominance over other
countries [20]. China leads the world in terms of renewable energy patents [15], and moreover it
is now the world’s largest producer, exporter and installer of solar panels, wind turbines, batteries
and electric vehicle [15].

The existing literature tends to analyse these characteristics individually, excluding from the dis-
cussion the broader context where China’s and the EU’s market strategy take place. Framing the
latter, three main topics have been reviewed for the scope of this Thesis. These are European and
Chinese competition laws [21] [22] [23] [24] [25] [26] [27] [28], the impacts on geopolitics due
to the Energy Transition [15] [29] [30] [31] [32], and international trade policies [33] [34] [35]
[36] [37] [38] [39] [40]. The papers all contribute to address part of the issue, as outlined later in
the literature review. However, none truly delves deep enough in the solar-tech supply chain to
explore the vulnerabilities of the EU’s solar industry strategy, especially if associated with China’s
market dominance. This aspects is the one that represents the main contribution of this research
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to the existing literature. The research, indeed, analyses the market dominance of China through
an novel Analytical Framework that considers all significant aspects that shape the dynamics of
the solar industry, with a specific focus on the c-Si technology. These aspects are not only eval-
uated per se, but also compared to each other through a thorough discussion. The solar supply
chain is studied from different perspectives, that are economic, socio-institutional, and technical,
and at different levels, that are global, national, and European. Thus, the Market Dominance As-
sessment of China in the c-Si solar industry is evaluated as a complex process that evolved during
years, impacted by both internal factors (such as: subsidies, number of patents applications, or
the ability to cut down production costs), and external factors (such as: trade policies, interna-
tional competition, rate of technological change), that altogether affect interstate relations among
countries, and therefore national market strategies. The final outcome corresponds to an in-depth
analysis that gives a concrete overview about the actual state of the c-Si solar supply chain, nar-
rowed to the Chinese and European level, and that highlights where strengths and weaknesses,
for both market parties, lay. Also, a significant added value of the research resides in the EU’s
policy recommendations that naturally emerge from the analysis.

Summing up, while developing a structured and concrete plan towards a Green Transition will
surely enhance EU’s chances to become the world’s first energy neutral continent [41], there exist
external factors that could slow down the Great Shift from fossil fuels to renewable energy sources
[21].

1.2 Research Objective and Main Research Question

The research objective of this Thesis is to assess the real degree of China’s dominance in the global
market of solar technology, given the established control that the country has onmineralmaterials,
patents, and production capacity in the solar panels industry [42]. The final goal is to evaluate
if and how could China impede the competitiveness or market expansion of European Member
States in the solar-tech industry.

This is done by evaluating the EU’s options in terms of access to supply of PV panels that are
not of Chinese competence (Substitution), the concentration and dynamics between companies
in the solar-tech market (Competition), the pace of technological developments in the solar-tech
industry (Technological Change), the degree of freedom of China in exerting its solar-tech mar-
ket dominance without causing commercial drawbacks (Reputation Damage), the existence of
Counter Monopolies in other parts of the solar-tech value chain, and the Potential Market Entries
in the solar-tech industry by new players. Alongside, quantitative data, namely Patents, Produc-
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tion Capacity, Raw Materials, Subsidies, Labour, Production Costs, and Solar Power Potential, all
contribute to the Market Dominance Assessment. These variables have been selected from litera-
ture, and narrowed down to the scope of this Thesis. Following chapters explain how the Market
Dominance Assessment is done, the process of selection of the variables, and their division into
static and dynamic.

The main research question of this Thesis emerges naturally from the previous observation, and
is as following:

What is China’s market dominance when compared to the European Union in the solar panels

global industry?

1.3 Sub-questions

The following research sub-questions are formulated in order to answer the main research ques-
tion:

• SQ1: How to assess market dominance in solar PV markets?

• SQ2: What are the EU’s and China’s future energy and industrial policies, with respect to
solar power?

• SQ3: What is the actual market dominance of China?

• SQ4: How can the EU circumvent China’s market dominance?

1.4 Scoping

Every type of renewable energy technology has different requirements in terms of supply chain in-
frastructure, rare earth materials (if needed), or patents, between others [43]. In any case, there is
no other renewable energy technology that is relatable to one specific country such as solar power
to China [44]. For the purpose of this Thesis, other renewable energy technologies apart from
solar power are left out of scope. In addition, the focus of this Thesis is on c-Si solar technologies,
since c-Si alone accounts for 95% of the global PV production, distribution, installation, and usage
of solar panels [45].

The same reasoning remains valid for technological patents: logically, patents that are not related
to the c-Si solar technology, and that don’t belong to European Member States or China, are also
left out of scope.
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Also, ore bodies or metals / elements that are not required for the construction of a c-Si PV panel
are left out of scope. In particular, the focus will be on silicon metal, since it represent the main
critical material needed for the production of c-Si based technologies [46].

1.5 Fit to CoSEM Program

While the Thesis main field of research falls under Political and Economics Sciences, it also in-
cludes Technological elements. The technological component is mainly given by solar technology,
its supply chain and the materials needed to construct solar PV panels. The thesis does not ex-
clude the economic aspects of solar technology as well as the current state of solar tech industry,
since they both have a stake in influencing the policy options of a country. In this way, in the
Thesis energy infrastructures are considered as socio-technical systems where the adoption of a
specific technology for energy production has repercussions not only on the technical design of
the infrastructure, but also on politics, international relations, energy geopolitics and energy se-
curity. The Thesis addresses the complexity of the energy system and, by focusing on a specific
renewable energy technology, tries to systematically analyse the implications of its adoption. The
research objective of the Thesis is thus strictly related with the Complex Systems Engineering and
Management, Energy track MSc program, in the way explained above.

1.6 General Approach

The basis of this Thesis relies on extensive research in the existing literature and on the use of
available databases.

Chapter 2 establishes a global overview of the solar PV industry over the last decade and analyses
the transformation of the solar supply chain, until its current design. It then elaborates on the key
insights found throughDocumentaryAnalysis, to shape the structure of theAnalytical Framework
used later in Chapter 4 to assess China’s market dominance.

In Chapter 3 there is a discussion of the EU and China energy and industrial policies. The out-
come is a brief System Analysis that describes the institutional environment where the EU and
Chinese solar-tech policies develops, useful for the application of the Analytical Framework later
in Chapter 4.

Next, Chapter 4 sets the application of the Analytical Framework outlined in Chapter 2, and con-
sequently it develops the actualMarket Dominance Assessment of the European and Chinese sub-
markets throughout the whole solar supply chain. This Chapter sees a consistent use of databases.
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The use of databases gives a quantitative contribution to the Thesis, and this allows for a numerical
comparison between the Chinese and European realities, in terms of availability of resources.

Chapter 5 highlights the main risks for the EU’s solar industry strategy that emerge from the
analysis developed in the previous chapters. Follows the identification of European policy options
in handling vulnerabilities in solar PVs production.

Chapter 6 develops the conclusion and possibilities for further research.

Figure 1: Research Approach

1.7 Methods

Main methods used in the Thesis comprehend Documentary Analysis and Data Analysis.

Documentary Analysis is used in Chapter 2 and 4. In the former, an overview of the solar PV
industry over the last decade is given, to assess how its design developed and transformed world-
wide.

DocumentaryAnalysis continues inChapter 3. Here, European andChinese energy and industrial
policies are analysed, to create a system analysis that clearly sets future goals in terms of solar-
tech development. This is done by evaluating the European Green Deal and China’s 14th Five
Year Plan, since these are the key documents where countries express their intentions in terms of
solar power evolution [2] [18]. Alongside, is an overview of the past and current European and
Chinese incentives in the solar-tech industry. Incentives are, indeed, an useful tool to evaluate
countries’ intention to foster a specific industrial area by giving financial support or tax reduction
to economic actors [47]. The outcomes of the analysis is then merged with the findings of the
literature review, to evaluate where the EU and Chinese policies place with respect to broader
institutional settings and agreements. The system analysis is used to answer SQ2.
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The Market Dominance Assessment of China and the EU solar-tech industries in the global so-
lar market is done through Data Analysis. Data are needed to fulfil the Analytical Framework
previously drawn up.

The Analytical Framework, in turn, sets and describes the variables identified as significant to as-
sess the market dominance of a country in a specific industrial area. All of them are framed to
solar PVs requirements. The Analytical Framework evaluates market dominance on two levels.
The first level is defined as "static", since variables investigated are objective and mainly numeri-
cal. These are: control over raw materials, number and distribution of patents, production rates,
labour. The second level is instead more "dynamic", since variables are not valued as objective
data, but emerge from a comparison between EU’s and China’s status. Variables discussed here
are competition, substitution, technological change, reputation damage, counter monopolies, and
potential market entry, all of them related to the solar PVs market. The development and applica-
tion of the Analytical Framework to the EU’s and China’s sub-markets answers SQ1 and SQ3.

The findings of the Data and Documentary Analysis are then merged to create an overview of
China’s current market dominance in the solar tech industry through a Discursive Analysis. The
Discursive Analysis allows to develop EU-specific policy advices to mitigate China’s pressure,
answering SQ4.

1.8 Planning

Annex A reports the Planning of the Research.
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2 Chapter 2: Outlining the Analytical Framework

The Chapter starts with a brief recap of the history of solar cells, and then focuses on the study
of the broader solar value chain during more recent years. Next, is the literature review. The
literature review addresses the topics of regulation, competition, and international trade. These
topics are then narrowed down to the EU and Chinese levels. In addition, a brief overview of the
main geopolitical implications expected from the development of renewable energy technologies
on interstate energy relations is given. The Chapter concludes with the outline of the Analytical
Framework, that will be applied to the EU-Chinese case-study later in Chapter 4.

Each section (and the related subsections) of the global solar industry overview is included to
highlights specific characteristics of it that will be further discussed in the Market Dominance As-
sessment. Also, the individual sections are useful to outline how the variables of the Analytical
Framework were derived from the Documentary Analysis. In particular, section 2.1.1 (A Brief
History of Solar Power) highlights how solar power emerged in the market, and how single coun-
tries, over time, became leaders in its commercialization; main outcome from this sections is the
importance of national support in the deployment of a niche technology, and the potential of sub-
sidies in driving investments (later included in the Analytical Framework). Following, section
2.1.2 (Production of a Solar Cell), by outlining the different phases of the manufacturing process
of a c-Si solar cell, shows the needs for highly specialized infrastructures for its production; at
the same time, it shows how the ability of Chinese companies in vertically integrating these pro-
duction phases allowed the country to cut down productions costs and overturn the global solar
industry. Production capacity and production costs, as well, are later included in the Analytical
Framework.

2.1 Global Solar Industry

To understand the process that allowed China, over the years, to reach its current position in the
global market of PV panels, it is useful, if not necessary, to give an overview of the transformation
of the solar supply chain over the last decade [42].

This Section focuses on getting insight about who are the main actors involved in the global solar
industry, and how they contributed, or failed, in shaping its current design.
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2.1.1 A Brief History of Solar Power

Solar PV panels were first produced in 1954, in the United States [48]. The silicon PV cell, the
first solar cell capable of converting enough sun’s energy into power to run everyday electrical
equipment, was born at Bell Labs. [49]. Until the 1960’s, solar PVs were mainly used to power
various parts of spacecraft, especially by NASA [50].

However, given the high cost compared to the relatively low efficiency (around 4%) [49], solar
power installations almost stopped until the late 1990’s, when Public Incentives started spreading
in various countries throughout the world [48]. Investments in research allowed the price per
Watt produced with solar energy to reduce from e350 per Wp at its initial stage, to the current
price of e0.25 per Wp, with an average efficiency of 18% [51].

Solar power remained a nichemarket until 1991, whenGermany introduced a new subsidy scheme
to promote the production of electricity from renewable energy sources [52]. These new Feed in
Tariffs allowed small-scale producers to benefit from an above-market price (up to four times the
market rate) for what they deliver to the grid, for 20 years [53]. Up to now, in Germany, over
1.6 million solar projects have been installed; at peak levels, solar power can generate over 40%
of Germany’s power [54]. In the following years, many countries adopted the FiT scheme: Italy
in 1992, Denmark and India in 1993, Sweden in 1998, and others followed [55]. Japan, as well,
introduced FiTs in 2009 [55]; utilities were required to buy excess electricity produced by homes
and businesses at a doubled market price [55]. By the end of 2017, cumulative capacity reached
50 GWp, the world’s second largest solar PV installed capacity, behind China [56]. In the US,
the expansion of solar power started in 2008, with the introduction of policy tools such as the
Investment Tax Credit [57]. Nationwide, there are today more than 100 GWp of solar capacity
installed [57].

Until 2005, Japan, theUS, andGermany represented the global leaders of the solar PVs production,
distribution, and installation [58]. They had the best tech know-how, the highest efficiencies, com-
petition was relatively low, and public incentives were supporting the introduction of solar power
in the energy market [59]. The situation remained stable until 2010, when China aggressively en-
tered the global solar market, marking the end of the status quo, and causing major drawbacks for
European companies [58].

From this brief analysis of the evolution, during years, of solar power, it is remarkable already
how subsidies affected the deployment of the solar technology. Germany, with the introduction
of a single type of incentive (FiT), created the demand, in the European market, for solar PVs,
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enabling smaller economic actors to access the solar power market and solar PVs to diffuse [58].
The guaranteed profits enhanced private investments, that furthermore reduced the price of this
technology. TheGerman case, and the countries that followed, highlights the importance of public
financial support in the initial stages of a technology, whose high costs would reduce the attrac-
tiveness of the investment. Solar power subsidies, as later outlined, are therefore included in the
Market Dominance Assessment, since they reflect the public support for private investors, and the
intentions of a state (or a conglomerate of states) towards the deployment of a technology.

2.1.2 Production of a Solar Cell

There exist different families of Solar PV cells, depending on how they are produced and the ma-
terials they are composed of [60]. The most diffuse categories in the market are mono-crystalline,
poly-crystalline, and thin-film. The first two categories alone account for 95% of land-based PV
systems [45]. Crystalline-based cells have the highest share of themarket thanks to their relatively
low-cost, with an average efficiency of 18% [61].

Table 1: Main types of solar cells

source: Aurora Solar Inc.

The production process of a c-Si PV cell involves different phases, that can be carried out by one
single company, or split up between different actors [62]. It starts with the silicon (Si) purification
[63]. The use of silicon inmanufacturing of solar cells requires Si to be almost free from impurities
[63]. First, silicon is converted into a compound; next, it undergoes a distillation process. The end
product is a material that is 99.9999999% pure [63].

The next phase involves the manufacturing of silicon wafers [63]. A silicon wafer is a thin slice of
a crystalline silicon, that act as a substrate to integrate electrical devices in the cell [63]. The most
reliable and used method to produce silicon wafers is the Czochralski (CZ) method [64]: pure
silicon is melt and solidified into a cylindrical shape; the shape is then sliced into 100 to 200 mm
squares with a width of 100 to 500 micrometres, that will be used in solar power applications [65].
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Chinese companies, after a few years since they entered the global solar market, opted for a strat-
egy of vertical integration of these two phases [63]. This allowed them to increase their control
over the solar value chain, to cut down costs along the manufacturing chain, and to bring the
rates of production to levels that have easily overtaken the European capacity. Due to the strict re-
quirements in terms of both purity for silicon and thinness for wafers, these companies, also, are
equipped with specific know-how and expensive adequate infrastructures [63]; the production
costs of a c-Si solar cell, en fact, are concentrated into these two manufacturing steps [66].

The third phase is the cell production [63]. Two silicon wafers are assembled together to form a
p-n junction, which allows the photovoltaic effect [63]. Then, metal contacts are applied at the
top and the rear of the junction [63]. Metal contacts carry electricity to of from the device, and
they prevent sunlight from reaching the silicon semiconductor [63]. Next, is the module assem-
bling [63]. Different cells are soldered together and encapsulated in glass sheets through high
temperatures to create a module [63]. Last, is the combination of solar modules with comple-
mentary equipment, such as batteries or inverters, to deliver electricity to the loads, that is the
electricity grid or the consumption devices [63].

Figure 2: Production process of a c-Si solar cell

source: Ranjan, Balaji, Panella, Rocco, Ydstie, Erik [63]

The design of the production process of a c-Si solar cell highlights how the degree of vertical
integration, the ability to access advanced know-how and to cut down production costs, and the
access to production capacity have a stake in determining the potential of a country, or a union of
countries, in the deployment of this technology. Data about the two latter factors are consequently
included in the Market Dominance Assessment, and analysed as static variables.
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2.1.3 Critical RawMaterials

The elemental requirements of the specific c-Si solar technology comprehend silver (Ag), nickel
(Ni), aluminium (Al), copper (Cu), and iron (Fe) [57]. These metals, in turn, are derived from
a set of six ore bodies, namely nickel ore, chromium ore, gold ore, iron ore, copper ore and alu-
minium ore [67]. In terms of minerals, a c-Si PV panel requires silicon metal, indium, selenium,
gallium, germanium, silver, and tin [57]. Between these, the EU includes in the list of Critical Raw
Materials silicon metal, indium, gallium, and germanium [41].

Earth materials that are defined as "rare" or owe this classification to the availability of econom-
ically extractable concentrations [68]. China produces 80% of the global supply of gallium and
germanium, 48% of indium, and 66% of silicon metal [41]. However, other countries as well are
intertwined in the global rare earths supply chain; there are, en fact, various countries that act as
intermediaries between the nation / continent where the material is extracted, and the country
where it is further used in the industry [67]. The main EU sourcing countries for Gallium, for
example, are Germany (35%) and the UK (28%); China accounts for 27% [41].

To monitor the import and export trends of raw materials, the EU has developed the Raw Mate-
rials Information System (RMIS), that is an open-source database with state-of-the-art informa-
tion about economics, trades, and policies about Europe’s raw materials sphere [69]. In addition,
the EU aims at cooperating with international agreements to enhance the life-cycle management
of these materials, giving new life to used electronic devices, and therefore creating new post-
consumption markets [69].

From these observations, and considering the predominance of the c-Si technology over other so-
lar options (with a market share of 95%), it is remarkable how the trade of rawmaterials is crucial
for the business continuity of the global solar industry [67]. Currently, based on how it is de-
signed, the specific c-Si technology could not function without the usage of these materials [67].
Also, the c-Si technology has reached a certain level of maturity, meaning that there are no fore-
casts about further significant technological development in the coming years that could lead to a
shift towards the use of other materials not classified as "critical" or produced domestically [70].
It is therefore necessary to include data about the trade of rawmaterials in the Market Dominance
Assessment. As already remarked, for the purpose of this Thesis, only the market of siliconmetal

will be included in theMarket DominanceAssessment, given its higher concentrationwith respect
to other ore andminerals used to produce c-Si solar cells [46]. While the current trends of Techno-
logical change, with regards to the c-Si solar-tech, do not leave room to significant improvements,
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as above explained, this variable is nevertheless included in theMarket DominanceAssessment, as
a dynamic variable; more promising results, instead (as explained later with the application of the
Analytical Framework), reside in other types of solar technologies (such as thin-film solar panels
or perovskite cells) [70]. These options are evaluated more in detail in section 4.5 (Substitution).

2.1.4 Solar Power Value Chain

Different parts of the solar power value chain are in the hands of different niche companies [71].
Smaller companies tend to specialize in a single phase of the supply chain, or in post-installation
services [71]. At the bottomof the value chain, system integrators and solar utilities profit from the
sell of the generated electricity [72]. The solar value chain can be visualized as a pyramid, where,
at the top, a handful number of companies, geographically concentrated, control the silicon ex-
traction and the production of silicon wafers, while, at the bottom, companies spread worldwide,
especially companieswhose core business deals with the installation and theO&Mprocesses [73].

In the solar power value chain, companies that benefit from the highest profits are companies
at the end and at the beginning of the chain, namely companies whose core business deals with
the installation or usage of solar PVs, or with the extraction, production, and distribution of rare
earthmaterials [74]. On the other side, companies actuallymanufacturing solar cells andmodules
make the least profit out of the industry [72]. The reason for this is that, from thewafer production
onwards, the supply chain is generally quite automated; however, labour cost remains significant
[75]. Solar cells and modules production can be outsourced to countries where the labour cost is
cheaper [15]; on the contrary, installation and maintenance of solar PVs have to take place locally,
and processes like the silicon purification requires specialized and unique know-how [15]. The
manufacturing and installation of solar PV systems, therefore, represent processes that require a
certain availability of labour, with more or less specialized skills, depending on the task that must
be carried out during the different production phases. Labour, therefore, is a significant factor
that influences the potential for a country to keep up with the demand for a product (in this case
specifically, c-Si panels). A lack of workers in the solar supply chain would imply a drawback in
the industry. Labour data, for the reasons just explained, are included as a static variable in the
Market Dominance Assessment.

2.1.5 Companies

With the expansion of the PVs market, the solar supply chain started a process of vertical integra-
tion [63]. Companies, before the advent of China, were mainly specialized in one or two phases
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of the solar PVs production process, such as modules assembly or silicon wafers production [76].
Chinese companies, instead, pointed on a strategy that encompasses the overall value chain, con-
sequently being able to cut down production costs and dramatically expand their outputs [63].

Below is a recap of today’s biggest companies in the solar silicon market industry, and the respec-
tive production capacity [77]. Noticeable, 8 out of 10 companies have Chinese headquarters [77].

Table 2: Main silicon wafers manufacturers

source: Bernreuter Research [77]

These companies, while being leaders in the global siliconwafers production, have diversified core
businesses [77]. Some companiesmainly produce solar panels, while others sell PV-complementary
components (such as storage batteries, cables, and wires), or are involved in other industrial sec-
tors (such as the automotive industry) [77]. Depending on their market strategy, they can be
clustered by the degree of vertical integration and the degree of products diversification [66], as
shown in the matrix below. Higher vertical integration allows players to have a higher market
share and the possibility to outsource some phases of the supply chain, and therefore to better
control final prices and production costs [76]. However, low degrees of diversification expose
companies to market fluctuation: should the solar PV market collapse, these companies would
suffer from major drawbacks [76].
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Figure 3: Clustering of silicon panels manufacturers by "diversification" and "vertical integration";

source: Bernreuter Research, Green Rhino Energy [77] [66]

2.2 Literature Review

The literature review has been conducted after framing the research objective and the main re-
search question, reason why it is placed after section 1.2. For each topic, different keywords were
used and combined in different ways, to project a better overview of the existing literature. Key-
words used in the research were "Geopolitics Energy Transition; Geopolitics Renewables; Geopol-
itics solar energy / technology / power; Economics Competition; Economics Regulation; EU /
China competition law; EU / China trade regulation; Political Economy; International Trade; Po-
litical Economy International Trade". Through the literature review, I collected articles, papers, re-
ports, books, websites, data-sets and statistics. All the documents were found by Google Scholar,
ScienceDirect, Scopus, and by cross-referencing in the documents themselves. The documents’
selection is based on a scan of abstract, conclusion and key concepts.

The first topic reviewed is the Geopolitics of the Energy Transition, that establishes the broader
context where the researchwill take place. When speaking about global markets, en fact, geopolit-
ical forces among states are a crucial aspect in determining their equilibrium and dynamics [29].
Overall, authors agree that theorisation of this field is lacking, and that the majority of papers
do not distinguish between different types of renewable energy technologies: the effects of solar
power per se on interstate energy relations is not analysed [30], [31], [32], [78], [79]. Main expec-
tations with regards to future implications of the development of renewable energy technologies
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worldwide are the switch from oligopolistic to competitive markets, the decentralization of en-
ergy production, the increase in competition for rare earth materials, the electrification of energy
systems, and the increase in industrial competition over market shares in clean energy technolo-
gies [32], [79], [15], [31]. While these observations do not focus on the specific solar technology,
still they cover the area of RES technologies. In particular, the decentralization of the energy pro-
duction implies that new actors will enter the green energy market, followed by the development
of new business models [15]. There is the concrete possibility, therefore, for new market entries
also in the solar global industry [31]. This option is included in the Market Dominance Assess-
ment, and further evaluated in the Potential Market Entries section, as a comparison between
the Chinese and European realities. In addition, the growing interest of nations towards the in-
troduction of RES in their energy mix, highlights the increasing importance of access to patents
(that allow market parties to exclusively commercialize their inventions) and clean-tech know
how. Patents data are included in the Market Dominance Assessment as a static variable, and
contribute in assessing where the c-Si commercial rights are distributed.

Secondly, principles of Economics where researched, in particular Competition and Regulation.
Competition emerges when different economic actors compete in the same market to sell or buy
the same or similar products [22]. Usually, as authors agree, from competition for selling what
emerges are lower prices, since consumers can choose between a variety of suppliers, and will
likely opt for cheaper solutions; competition for buying, instead, causes prices to raise, since con-
sumers’ willingness to pay for a certain product will increase [23]. While extremely high levels of
competition could unleash barriers for new market parties to enter into a specific industrial area,
creating a saturation of the market, low rates of competition can cause a stagnation in technologi-
cal development [23]. A fair level of competition, is therefore a critical sign of a functioning mar-
ket [23]. On the other hand, regulation is imposed by governments / supranational authorities to
modify economic behaviours in order to deliver safe, appropriate, and just services [24]. The EU
has strict rules protecting free competition, under which certain practices are prohibited, such as
price fixing, agreement on customer allocation or on production limitation, market sharing [27].
European competition law is mainly represented in the Articles 101 and 102 of the Treaty on the

Functioning of the European Union [28]. In China, the major legal statute on the subject of com-
petition law is represented by the Anti Monopoly Law of China; the statute has four cornerstone,
namely theMonopoly Agreement, the Abuse of Dominant Market Position, the Concentration of Under-

taking and the Abuse of Administration Power [25]. Antitrust laws, however, have a different weight
in the two realities: while the European Union has a series of directives protecting antitrust and
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promoting a level playing field for companies competing in the same market (such as public and
private auctions), the presence of the Chinese government in influencing the national market dy-
namics above the regulation is undeniable. A clear example are the huge public incentives that the
same solar industry received after 2010 [25]. Many case-studies have been analysed, in literature,
to evaluate whether and how it can be stated that a company, a country, or an organization has
the monopoly over the commercialization of a certain product [21]. In the solar industry context,
there are no specific studies; however, these examples remark that, when analysing the dynamics
of competition of amarket, it is important to identify, if any, themonopolies that have developed in
a specific phase of the supply chain of the technology of interest [21]. These bottlenecks, indeed,
shape the design of a market; whether monopolies (or quasi-monopolies) have developed along
the solar supply chain, that are not of Chinese companies, is evaluated in the Counter Monopo-

lies section. This is done to assess whether other countries (or union of countries), rather than
China, influence a segment of the global solar industry enough to counteract its invasive presence.
In literature, as well, there are numerous frameworks, whose aim is to measure the "monopolistic
degree" of a specific firm over others [21]. These frameworks are useful as a starting point for fur-
ther discussion. For the purpose of this research, Competition as well is included in the Market
Dominance Assessment as a dynamic variable on its own, and the discussion will start from the
application of the Herfindahl-Hirschman Index (HHI) [26]. The index is the result of the sum
of the square of the market share of each firm competing in a market. The closer a market is to a
monopoly, the higher the HHI, and the lower its competition [26]. While not representative of the
market dynamics, the index is able, through a simple calculation, to identify the general shape of
market (highly competitive or near to a oligopoly or directly to a monopoly).

In the third place, the topic of Political Economy of International Trade has been included in the lit-
erature review. Trade policy refers to the regulations and agreements that control imports and
exports to foreign countries [33]. Rodrik, a prominent voice in this field, develops a political-
economy model of trade policy, used by the majority of authors for further developments and
reasoning, composed by four elements: his model notices how trade policies emerge in an Institu-
tional Setting, where Policymaker Preferences are shaped by Individual Preferences of economic
actors and Interest Groups [34], such as lobbies. For what regards international trade policy, au-
thors generally state that, since 1980, we can see a "rush to free trade" from countries all over the
world [34], [35], [36], [37]. This is due to three main factors, namely: domestic actors that ask
for more trade liberalization, a process of democratization in political institutions, and changes in
the international political systems [35]. Global trade is ruled for 98% by the World Trade Orga-
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nization [38]. China joined the WTO on 2001, while the EU is a member since WTO foundation
in 1995 [38]. The EU as a strongly open trade regime, to enhance investments: more than 70% of
imports enter the EU at zero or reduced tariffs [39]. In addition, the EU is China’s biggest trad-
ing partner. In 2013 the EU and China launched negotiations for an Investment Agreement, to
provide investors on both sides with predictable, long-term access to the EU and Chinese mar-
kets [40]. The third topic is helpful in getting insights about the functioning of trade flows and
industrial policy practices, therefore in developing the overview of solar-PVs supply chain and EU
and China future policies with respect to solar power of Chapter 3. Trade policy, also, is included
in the Market Dominance Assessment, since trade regulations between two commercial parties
are significant in influencing their import and export rates.

There are many knowledge gaps that emerge from the literature review. First of all, there is no
clear analysis of the effects of solar power on interstate relations. While the geopolitical impact of
the deployment of renewable energy sources is not a novel topic, and, during recent years, is gain-
ing more and more attention, there are no available papers that focus on the specific solar energy
technology alone. Given the drastic differences among individual RES, in terms of technical traits
and in terms of the dynamics of the related markets, it is indeed important to evaluate the po-
tential impacts on interstate relations of these technologies individually. This research addresses
this first knowledge gap, since its main focus is on solar power - specifically on c-Si solar energy -
and it assesses its potential to impact the geopolitical relations among two specific realities, namely
China and the European Union. Next, frameworks designed tomeasure the concentration of com-
petition between firms, fail to take into account the actual complexities of markets, reducing - like
the HHI - the calculation to the relevancy of market shares of individual firms. Markets are com-
plex, dynamics, and influenced by both external (institutions, laws, social trends) and internal
(the composition of a firm, its core business, its strategy) factors [21]. Currently, there are no
schemes that are able to reduce these dynamics to a mathematical formula. This research, as well,
recognizes the difficulties that emerge when assessing one country’s dominance over another in a
specific industrial sector, especially when the assessment is based on data-sets that are expressed
with different unit of measures or collected through different methodologies; at the same time, it
broadens the application of the HHI index, and it uses it as a starting point for a wider comparison
among China and the European Union that also includes the broader socio-institutional-technical
context where the two realities compete. Thirdly, literature about International Trade Policy lacks
applications to concrete and current case-studies; mainly, case-studies found in literature are fo-
cused on single episodes, happened in the past, that led to damages in the trade regimes among
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two or more countries. They thus tend to frame these accidents to a limited period of time and to
detach them from other external factors that instead could have a stake in shaping their dynamics.
This research, indeed, aims at filling this gap by discussing the existing trade policies among the
EU and China not as "photography" of the current trade regime, but as a process that developed
during years, changed drastically from unregulated, to unfavourable for goods exchange, until
today’s standard import-export tariffs. Clearly, this changes were caused by other characteristics
of interstate relations within the two market parties, characteristics that evolved during time.

The identification of the knowledge gaps is important for the outlining of the Analytical Frame-
work (section 2.3), since they remark where the existing literature fails in the assessment of the
market dominance of a country over another, specificallywhen applied to the solar industry. There
knowledge gaps, as above anticipated, will be addressed in the discussion of Chapter 4 and, while
the research is not complete in their analysis, they still find a voice in the Market Dominance As-
sessment.

2.3 Analytical Framework

This Chapter sees the construction of the Analytical Framework introduced in the outline of the
Research Design. Here, the structure of the Analytical Framework is discussed and explained,
showing its strengths andweaknesses. The application of theAnalytical Framework to theChinese
and European realities will be done later in Chapter 4, after the overview of the global solar supply
chain and main energy and industrial policies done in Chapter 2 and 3. Noticeable, the Analytical
Framework can be adapted to the Market Dominance Assessment of other case-studies (meaning,
other countries), that analyse the supply chain of a different technology, such as nuclear energy.

The variables have been selected from both findings of the literature review and research about
methods of Market Dominance Assessment. From a first selection, variables have been then nar-
rowed down to the solar PV industry, in order to choose only the variables that are significant for
this industry. Following, some variables have been left out of scope, such as data about energy
storage components, in line with the area of interest of this Thesis (see section "Scoping"). Next,
variables have been divided into static and dynamic, as explained below. None of the variable
is sufficient, per se, to state whether China has a market dominance over Member States, or the
contrary. Each variable concur in determining the final outcome of the Market Dominance As-
sessment, but it has no significant value when de-contextualized from the area of interest of the
research.
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Below is the outline of the Analytical Framework.

Figure 4: Analytical Framework

As shown in the Analytical Framework, the Market Dominance Assessment is done on two levels.
Static variables comprehend factors that have a quantitative value. The cumulative production
capacity of European countries, in terms of c-Si PV panels, for example, can be easily quanti-
fied [80]. This type of data give useful insight about Chinese and European current resources
to compete in the global solar market. However, the databases collected often refer to different
years, or they can be incomplete. In addition, there is a great unbalance, in terms of availability
of data, within Member States of the European Union. Updated market statistics are not always
available; countries, as well, collect data by using different methods, causing absolute values to
be difficult to compare. Data collected on a European basis, therefore, often represent weighted
averages of single-nation-based data, that in turn are usually averaged on an individual country
basis. To sum-up, data are a precious and significant starting point for further discussion, en-
riched by a broader contextualization of the data, and a comparison between the European and
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Chinese realities. Nevertheless, it is due to remark their limitations [81]. The two realities, en
fact, belong to a broader socio-institutional-economic context, where other factors as well influ-
ence their inter-dependencies, and the market dynamics that evolve between them [80]. These
factors also must be included in the Market Dominance Assessment. That is why the second level
of the analysis is defined as dynamic: here, variables have a qualitative nature, and they are not
discussed individually, but as a comparison between the EU’s and China’s status. The outcome of
the Market Dominance Assessment will be an overall discussion that comprehends each variable
of the Analytical Framework, highlighting the interconnections between the different aspects of
the industry, and the complex nature of international markets.

Each variable is then break-down and further detailed, outlining both its major contribution to the
Market Dominance Assessment and its limitations.

2.3.1 Static Variables

Production Capacity

Data about production capacity recap the ability, for both China and the EU, to manufacture c-Si
cells and panels domestically.

Production capacity data are useful in giving insight about the potential of a country (or a union
of countries) in satisfying the global and local demand for c-Si solar panels, the ability to com-
pete in the solar manufacturing industry, and the future and past strategies of nations towards
the deployment of solar power [80]. High investments in solar manufacturing capacity, indeed,
identify a strong interest for a state to increase their domestic production, and therefore to broader
the contribution of solar power in their energy mix, or to foster foreign exports; on the other side,
countries could opt for an imports-based strategy, causing low to no investments in solar manufac-
turing facilities [81]. Production capacity data, however, have limitations in identifying whether
a country has a market dominance over another: companies with smaller capacities could have a
different market strategy, or be the main market players in another phase of the supply chain [82].
Many companies, en fact, prefer to get their profits acting as intermediaries or by offering post-
installation services, since they lack the technical know-how required for solar cell production,
for example, or simply because they see better profit opportunities in other steps of the value
chain [83]. In the available databases, there is no clear distinction between silicon wafers, c-Si
cells, and c-Si modules production rates; rather, they tend to encompass all the three phases, and
to normalize these values as output rates. Following the availability of data, production capacities
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will be collected as output rates, expressed in GWp [84].

RawMaterials

RawMaterials are crucial for the production of c-Si panels [41]. The European Union has outlined
a list of raw materials classified as critical. The list is subject to change and updated each year; the
classification, in fact, is influenced bymany factors, like the export dependence, the number of sup-
pliers, or the finale use [41]. Overall, critical materials represent materials that are not replaceable
and whose constant supply is critical for the business continuity of a segment of the industry [41].
Many of the ores, minerals, andmetals required for themanufacturing of a c-Si panel can be traced
within this list (see also Section 2.1.3). Demand for these materials is increasing worldwide, due
to national green policies and the growing market share of electric vehicles, batteries, and other
renewable energy technologies, that also are associated with the usage of raw materials [85].

Raw materials have a proper own global supply chain [86]. En fact, often, the extraction site,
the purification site, and the usage site, do not coincide [86]. From that emerges the need for a
global distribution network, and therefore the presence of multiple actors in the raw materials
worldwide market [87]. This means that, while control over one of the three value chain phases
does not determine alone the dominance of a player over another, nevertheless these data are
useful to evaluate which countries are leaders in the management of these fundamental elements,
minerals, and ores [87].

For the purpose of this research, rawmaterials data will be collected only for siliconmetal, due to
its major concentration in the specific c-Si solar cell. Available databases do not make a distinction
between different phases of the solar supply chain (extraction data, c-Si cells usage, c-Si panels
usage); rather they report production, consumption, and sourcing amounts. Following this line
of reasoning, both for the Member States and China, data refer to the production, sourcing, and
consumption rates.

Patents

Patents are intellectual property rights that legitimate owners to make, use, or sell an invention,
for a pre-established period of time, in exchange for publishing a description of the invention that
allows for its industrial reproduction [88]. So patent owners can commercially and exclusively ex-
ploit their invention, while enabling research to proceed [89]. While patents reflect the degree of
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technological innovation accumulated by a firm, a country or a research institute, patent data as a
sole measure of market dominance encounter some limitations [14]. Firstly, intellectual property
laws, en fact, vary across countries, and are subject to continuous adjustment [90]. In this regard,
the leading organization for the management of international intellectual property services, is the
World Intellectual Property Organization (WIPO), that accounts for 193 member states world-
wide [91]. Main goals of the WIPO are to solve disputes in international patents issues and to
maintain a global database of existing patents [91]. Secondly, patents content can range from
small incremental improvements, to radical innovation, and generally they aim at resolving tech-
nical issues or discovering new materials [14].

For what regards the technological content of patents, the most common clustering system is con-
sidered to be the International Patent Classification (IPC), that groups patents depending on the
type of technology they outline [14].

Patents analysis can be done from different perspectives: by the trends in patents deposition of the
c-Si solar technology, to evaluate the interest of different research parties in the development of the
technology; by the depositors, to identify companies and/or institutions that are expected to be
leaders in the deployment of the technology; by depository country, to illustrate which countries
are active in the R&D of c-Si solar cells; or by patent content, to evaluate what aspects of the solar
technology is under active development [81].

Access to patents documents occurs through private or public databases; main databases, world-
wide, are the National Institute of Industrial Property (INPI), the European Patent Office (EPO),
the United States Patents and Trademark Office (USPTO), the WIPO, the Japan Patent Office
(JPO), and Google Patents [90]. Below are the IPC codes of c-Si cells. Chapter 4 will outline
data collection and discussion for these IPC coded patents, with regards to China and the EU,
taking into account the different perspectives of observations above identified.
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Table 3: IPC Patents Classification for c-Si technology

source: IPC

Subsidies

Over the last ten years, the solar PV market has grown rapidly due in part to national incentive
programs [92]. Subsidies have the potential to foster the expansion of an industrial sector by
financially supporting projects, and by enabling producers to access tax reliefs for a period of
time, or to obtain higher revenues than the current market price [93]. Subsidies, therefore, are a
powerful tool in driving investments [92].

The number one subsidy scheme relatable to solar power is the Feed in Tariff, introduce by Ger-
many [52]. It allowed small-producers and small-consumers to enter the solar PV market [52].
It is important to remark that FiTs reduce over time, and adjust with the decrease of production
costs reached through economies of scale and the deployment of the technology; FiTs, therefore,
while of critical importance at the initial phase for the creation of a novel solar market, are now
reducing their attractiveness, since the financial support they provide has lowered, and will likely
stop for solar projects initiated after 2025 [94]. There are other financial instruments as well that
have been, or that are currently used, to support solar power deployment, such as financing [92].

Nevertheless, subsidies, as pure method to compare the economic advantage of solar deployment
of a country over another, are not sufficient [95]. Subsidy policies, en fact, take place in the broader
socio-technical context where a nation is located, and are influenced by inter-state relations [52].
A significant example are the subsidies put in place in China during the years 2011-2012, as a
response to the EU’s anti-dumping tariffs (see also Chapter 3) [96].

For the purpose of this Thesis, subsidies are classified depending on their type (tax relief, FiT,
financing), on their duration, and on their final recipients (companies, private users, public ad-
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ministration).

Labour

High volumes of industrial production, besides adequate infrastructures and facilities, require an
appropriate availability of labour [97]. The same reasoning applies for the production of solar
PV panels, especially on a global scale [98]. The solar PV industry, worldwide, accounts for 33%
of the total renewable energy workforce, that is 3.8 millions of jobs; in 2019, 87% of global PV
employment was concentrated in the hands of 10 countries [94].

Depending on the phase of the supply chain, or on the level of competence required to perform a
certain task, the need for more or less skilled labour changes [99]. Also, some parts of the supply
chain are quite automated, and they relate to a relatively lownumber of humanworkers [63]. High
level of automation, for example, can be found in the module assembling phase, while technolog-
ical innovation requires instead high human contribution [63]. Therefore, while being necessary
for the business continuity of industrial productions, availability of labour, as absolute value, does
not guarantee higher possibilities to dominate in the market [98]. It depends on which skills are
needed in the industry. In addition, labour has to comply with domestic and international legis-
lation [100]. Also, labour has different costs in different nations [97].

The International Renewable Energy Agency (IRENA) provides an operational definition of two
main different variations, when evaluating jobs in the solar industry [94]. These are:

• Direct jobs: jobs related to core activities, such as manufacturing/fabrication/construction,
site development, installation, and operation and maintenance (O&M);

• Indirect jobs: jobs related to the supply of the solar industry at a secondary level, that is jobs
close to activities such as the extraction and processing of rawmaterials, marketing and sell-
ing, administration at ministries, or the work performed by regulatory bodies, consultancy
firms and research organisations.

Direct jobs are easier to quantify, since they are strictly related to the crucial fabrication and mise-
en-place of the PV system. Indirect jobs, instead, are more difficult to identify, since, usually,
employees in these segments are not focused on solar energy, but their tasks span to other areas
of interest [94].

For the purpose of this Thesis, and based on the available databases design, labour data will be
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collected as current rates of employment in the solar industry, summing direct and indirect jobs,
without further distinction, for both China and the EU.

Production Costs

Costs are a core driver in the deployment of a technology [101]. High initial investments can be a
barrierwhen approaching a specificmarket. A reduction in production costs, instead, can enhance
investments, produce economies of scale and, over time, stimulate technological innovation [101].
In the history of solar PVs, China was able to enter the market especially due to its ability to cut
down production costs by two thirds when compared to European competitors, and to offer rela-
tively cheap products while maintaining satisfying quality standards [98]. Given the worldwide
connections that established, during years, in the global chain of solar technology [102], it comes
naturally that some of the manufacturing phases are outsourced where labour and production
costs are lower, especially those phases that are characterized by a high degree of automation [15].
Companies running their businesses in countries where these costs are lower, therefore, will have
an economic advantage [98]; savings can be re-invested to broaden the company’s degree of ver-
tical integration across the value chain, or in the R&D area, to foster technological research [72].
This allows companies to access new markets, and, if successful, to increase their market share at
the expenses of their competitors [72].

Production costs, as absolute values, encounter some limitations when defining China’s market
dominance over Member States [98]. Other policy tools, en fact, could counteract the advantage
of having access to lower production costs, such as ad-hoc subsidies or trade rates [101]; anti-
dumping tariffs, in particular, could be able to nullify this advantage [101].

For the purpose of this Thesis, production costs data will be collected, for the European Union, as
the average costs among Germany, Italy, France and Spain. Productions costs are then normalised
as e/kWh.

Solar Power Potential

Solar power potential differs between different geographical regions [103]. There are many ge-
ographical factors than concur in determining the potential of this technology in an area, such
as solar radiation, slope, land use, urban extent, population distribution, and proximity to the
power grid [104]. In addition to these technical constraints, there exist legislative limitations to
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the deployment of solar power [103]. There are, indeed, protected natural areas, water bodies,
and forests, where PV power plants cannot be constructed [104].

The solar power potential data collection, for both China and the European Union, is derived from
the study conducted from the World Bank Group in 2021 [105]. Data about PV installed capacity
for each country has been updated to the 2020 values reported in the IRENA’s Renewable Capacity
Statistics 2021 [106]. The World Bank Group’s study divides PV potential into theoretical, that is
the global horizontal irradiation (GHI, measured in [kWh/m2/day]); and practical, that is the
actual photovoltaic power output of a PV system. The output is measured as the specific yield of
the c-Si PV systems, and expressed as [kWh/kWp/day] [105].

While solar potential data are not per se sufficient to compare the solar power market domi-
nance [82], they add valuable insights to companies’ degree of freedom for the deployment of
solar power, given the existing constraints [103].

2.3.2 Dynamic Variables

Competition

Competition subsists when two or more parties trade in the same market, selling their products
or delivering their services to the same category of consumers [22]. Competition is a significant
variable in assessing one country’s market dominance [23]. There exists numerous models, in
literature, that aim at describing the dynamics of competition between firms in the market [107].
Competition is vital for the industry [22]; without competition, technological innovation slows
down [82], economies of scale (and therefore, lower marginal costs) are harder to reach [92],
and monopolies, or oligopolies, can easily develop, creating a situation where few companies
are able to influence the market price and to use their market dominance without any significant
restrictions [93]. On the other side, competition can result in the saturation of the market [23],
or in the development of barriers to entry to new market parties [107]. Analysing the dynamics
of competition of an industry, therefore, helps in understanding the broader conditions where
countries trade [22].

A widely used measure of industry concentration is the Herfindahl–Hirschman index (HHI)
[26], introduced in the Literature Review. The primary advantage of the HHI is the simplicity of
the calculation [108], when the market shares of the companies are given:
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HHI = x2 + y2 + ...+ n2

where x, y, ..., n are the market shares of the firms, expressed as whole numbers. Generally, a
market is considered to be competitive when the HHI has a value of 2.500 or higher [108]. When
the HHI reaches a value near to 10.000, it means that there is a presence of a firm that has a quasi-
monopoly in it [26].

In turn, the calculation of the HHI, due to its simplicity, fails to consider the complexities of mar-
kets [109]. It does not allow for an accurate assessment of the dynamics of competition in those
markets [109]. For the purpose of this Thesis, the HHI will be used as a starting point of further
discussion about themarket concentration of the solar PV industry. Generally, regulators calculate
the HHI considering the 50 largest companies in a particular industry to determine if that industry
is competitive or close to being a monopoly [110]. The same line of reasoning will be applied to
this research, based on the Bloomberg classification [9]; only the first 25 companies are included
in the Market Dominance Assessment.

Trade Policy

Trade policies define the rules, for a country or a region, about international trade [33]. Trade
policies can range from free trade, where there are no restrictions on trade, to protectionism, where
the priority is on protecting local producers [34].

Trade policy are mainly expressed through tariffs and import quotas [111]. Tariffs are taxes im-
posed ongoods that are imported from foreign countries [112], while import quotas are limitations
on the amount of goods that can be imported from foreign businesses [112]. Tariffs and import
quotas should be adequate to the local industry, in order to protect the domestic market, enhance
a fair level of competition, and allow business continuity [112]. However, trade policies can also
be used as a means of exerting geopolitical power [34]. For the purpose of this thesis, data will
cover EU-China trade policies for what regard the solar PV industry; the collection of databases
will be the starting point for further discussion.

Substitution

Substitution evaluates the possibilities that a party has when choosing the supplier of a specific
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product or service [113], thus expresses the degree of availability, in a market, of different offers
of a specific technology [114]. When the substitution degree in a market is high, en fact, the buyer
can decide between a wide range of offers, depending on its priorities towards this product [113].
The party could opt for the cheapest option, or for the one with the highest efficiency, or again for
the product that is produced in the nearest geographical location, for logistic reasons [115]. When
the substitution degree is low, instead, the buyer has fewer possibilities of choice [114], and on the
other side the seller can easily influence the market [113].

The variable recaps the alternatives (that is, the c-Si PV panels) available in the market for the
buyer (for the purpose of this research, European Countries) rather the products offered by a
single seller (for the purpose of this research, China), that are able to maintain the same quality
standards, in terms of costs and efficiencies.

Technological Change

C-Si solar panels are subject to technological change [116], considered to be as the main source of
economic growth [117]. Tech-change expresses the variations of a specific product due to techno-
logical innovation in efficiency, materials used, number of components, size, flexibility, modular-
ization, and others technological characteristics of a specific product, over time [116] [117] [118]
[119]. Tech-change can regard the product per se or the production processes [118]; improvements
in the methods and means used to manufacture the product, indeed, can lead to technological in-
novation, costs reduction, or energy savings [120].

The variable aims at summarizing what are themain trends in technological changewith respect
to c-Si PV panels, and where the potential for EU improvements lays.

Reputation Damage

Reputation Damage results from a mismatch between the services that a firm, an organisation, or
a country is expected to deliver, and the actions that are actually taken [121]. Depending on the
impact of this mismatch on the stakeholders, Reputation Damage can affect individuals as well
as an industry as a whole [122]. A clear example of the latter case is the Fukushima disaster of
2011 [123], when not only the Japanese government had amajor drawbacks, but also the all indus-
try of nuclear power lost its worldwide support, while many countries decided to phase it out as
energy source [124]. Reputation Damage could also result from what it is considered to be a mis-
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behaviour of a country towards its competitors [121], such as the exploitation of one party’smarket
dominance in an industrial sector to enhance profits exponentially, causing economic damages to
other parties [125]. Reputation Damages can cause long-lasting damage to a firm, government, or
individual economic welfare, requiring many years, if possible, to rectify [121].

Reputation Damage is a dynamic variable since geopolitical equilibrium between countries are
complex in nature [126]; states, en fact, are interconnected with different socio-economic, legisla-
tive, and political bounds, that, in turn, are themselves cross-linked [126]. For the purpose of
this Thesis, the variable evaluates what are themain drawbacks that China’s solar panels indus-

try could suffer from, should the country decide to exert its geopolitical power over EU Member
States. Examples from the past, as well, are collected and discussed.

Counter Monopolies

A monopoly happens when a person, corporation, or state has the exclusive right to sell a partic-
ular product, or is the only supplier of a commodity [127]. Monopolies can be legislative [128],
such as the sell of tobacco in several countries, that lays in the hands of the government [129] [130]
[131], or they can be natural, meaning that they developed for certain geographical or economic
reasons during the years [132].

In the c-Si supply chain, there are no perfect monopolies [133]; nevertheless, when one country
controls over 80%of the production, distribution, or installation of a commodity, material, or prod-
uct [12], it has a clear advantage over other parties [127]. Controlling a phase of the solar supply
chain, in turn, is not a sufficient condition to state that one country has a significant market dom-
inance over another in the commercialization of the technology [128]; there could exist counter
monopolies in the solar value chain [133]. This variable tends to analyse in which phase of the
value chain other parties, with respect to China’s presence, have a major control of the industry,
if any.

Potential Market Entries

Free markets are, by nature, dynamics. There is, therefore, the constant possibility for new parties
to access them [134], and increase the degree of competition between the firms that are already
commercializing similar products or services [22]. The party that intends to access the market,
however, needs to be prepared to face potential barrier entries, such as high initial investment
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costs, current legislation, the consolidated reputation of existing brands, or long-term partner-
ships between organisations [135]. Given the significant presence of China in the global PV solar
industry, parties accessing the market must therefore be endowed with the necessary support-
ing infrastructures [6]. This variable evaluates if there are other countries that, while entering
the solar PV industry, could be able to counteract China’s market dominance, consequently al-
lowing European Countries to have more options in choosing their commercial partners for the
deployment of solar power.
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3 Chapter 3: European andChinese EnergyPolicies: anOverview

The leading deal on a worldwide scale, in terms of future Energy Policies, is the Paris Agreement
[136], adopted by 196 Parties at COP 21 in Paris [137]. The Paris Agreement is a legally binding
international treaty on climate change [138]. Main goal of the Paris Agreement is to limit global
warming to well below 2°C compared to pre-industrial levels [136].

Each Party that signed the Agreement has set different goals in terms of GHG emissions reduc-
tion, that are the nationally determined contributions (NDCs) [139]. NDCs are long-term plans,
divided into milestones, and they cover different areas: social, industrial, political [136].

National Energy policies are shaped by different institutional and economic factors. International
Trade Agreements are one of these [140], since they can facilitate or block access to specific energy
sources and energy technologies [34]. For what regards existing and future Trade Policies [140],
theWorld TradeOrganization (WTO) is the leading intergovernmental organization that regulates
and facilitates international trade between nations [38]. The WTO is the world’s largest interna-
tional economic organization [141], with 164 member states representing over 96% of global trade
and global GDP [38]. Joining the WTO was crucial for China in its entry into the solar panels
market [38].

Joining theWTOmeans that countries have to comply with a series of regulations whose aim is to
define fair levels of international competition, that sometimesmay lack [38]. In 2013, to counteract
China’s expansion in the solar PV market, the EU imposed provisional anti-dumping tariffs on
Chinese solar panels [142]. Anti-dumping duties are a protectionist tariff [143]; Chinese solar
panels had significantly lower costs, when compared to panels produced in European countries
[144]. The tariffs, therefore, were imposed to re-establish fair market conditions [142], and to
allow European companies to be competitive in the market. However, anti-dumping duties came
only after China had already entered themarket [142] [144]. In 2018, Chinese anti-dumping policy
was removed [142], and Germany cut the FiT scheme [52], causing the European solar industry to
have an enormous drawback [144]. China’s solar deployment, from those years, grew constantly,
reaching today’s market dominance [145].

3.1 European Union

In the European Union, energy-industrial policies are set on two different levels [2]: one coming
from the decisions of the European Parliament and Commission [146], that sets higher standards
for all Member States; one on a national level, set by governments themselves [139].
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At the European level, the European Green Deal represents EU’s biggest action to reach climate
neutrality [2]. The Deal outlines an Action Plan that involves all sectors of the EU economy, to-
wards a "just and inclusive transition" [2]. In 2020, the European Commission proposed to set the
reduction of GHG emissions to 55%, compared to 1990 [147]. The Communication prioritizes the
creation of an international level playing field for all renewable energy sources (RES) –including
PV– and the relevant raw materials [147].

It is under discussion if the EU Green Deal will be reinforced with a European Climate Law [148].
This means that the European Commission could give Member States recommendations in re-
specting their GHG emissions reduction targets [148]. Through the Climate Law, the EU Com-
mission aims at translating the EU Green Deal into concrete national actions that are legally bind-
ing [149].

One of the pillars of the EU Green Deal is to decarbonise the energy sector [2]. The 2020 EU
proposal comprehends also the Impact Assessment [150]. The document provides future projec-
tions for the European energy system (including solar deployment) via an energy model simula-
tion [150]. Here, solar energy is expected to be one of the main contributors to the Green Tran-
sition [150]: the results of the simulation show that reaching a 55% reduction of GHG emission
means that solar energy should produce 14% of electricity consumed in European Countries, gen-
erating 300 TWh of energy [150]. Solar energy, also, has one of the lowest electricity generation
costs [151], and the potential to create a significant number of new jobs in the energy sector [150].

At a national level, the European c-Si market had its real start in 1991, with the introduction of
the Feed in Tariff scheme in Germany [52]. This policy tool has been adopted, in the following
years, from countries worldwide [52]. In the EU, in particular, the FiT scheme was of extreme
importance [55], since it gave companies the first real concrete governmental action towards the
deployment of renewable energy sources [52]. Before that, initial costs related to solar power
installations were extremely high, compared to investment returns, causing low investment and
innovation rate [49].

One of the main Industrial-Energy policy in the EU is the German Energiewende [152]. Within the
initiative, Germany aims at phasing out nuclear power plants before 2022 [153], at increasing the
share of electricity generated from renewable energy sources to 80% [154], and at reducing GHG
emissions by 95%by the year 2050 [152]. In 2016, Germany accounted for 397 newPV installations,
supported by a national funding of 63.99 million euros [84]. Italy aims, by 2030, to reach 30% of
total energy consumption and 55% of electricity generation from renewable energy sources [155].
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France has numerous nuclear plants in the country, therefore a low carbon electricity mix [156].
Also, the country, in 2019, set the Energy and Climate Act, aiming ad a net zero emissions target
by 2050 [156]. Dutch energy policy (the 2019 Climate Act), aims at generating 100% of electricity
from RES only by 2050 [157]. Spain, by 2050, aims at a 100% renewable electricity mix [158].
As such, it is centred on the massive development of solar and wind energy [158]. Portugal’s
National Energy and Climate Plan aim to put the country a path to achieving cost effective carbon
neutrality by 2050 [159]. Greece has set targets to reduce greenhouse gas emissions by more than
56% by 2030 compared to 2005 and to have a climate neutral economy by 2050 [160]. Sweden has
targets to have a net-zero carbon economyby 2045 [156]. Swedenwas the first country to introduce
carbon pricing and has the highest carbon price in the world, which has proven effective at driving
decarbonisation [156]. Denmark’s aims to cut GHG emissions by 70% from 1990 levels by 2030
and for renewables to cover at least half of the country’s total energy consumption by 2030 [156].

Table 4 recaps the main European national energy policies, and the solar PV target, up to 2030.

Table 4: Main National Subsidies for solar power in the European Union

source: IEA https://www.iea.org/countries

During recent years, European energy policies had to face an unexpected event, that was COVID-
19. COVID-19 slowed the steep growth curve of solar power that evolved during the last years, but
at the same time, it created great opportunities for new rounds of investments, mainly due to the
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implementation of the European Union’s Recovery Plan [161]. The plan represents an unprece-
dented and ambitious investment plan that aims at accelerating the Green Transition throughout
Member States, developing new opportunities for jobs creation and industrial growth [161].

TheRecovery andResilience Facility (RRF)will allocatee672.5 billion toMember States for projects
that align with the European Green Deal objectives, under the form of grants, loans, or state guar-
antees [150].

Within the Recovery Plan, 4 main flagship initiatives are directly relevant for the solar industry
[150]:

• Renovate: doubling the renovation rate by 2025;

• Recharge: deploy at least 1 million EV charging points by 2025;

• Power up: integrate 250 GWp of RES by 2030;

• Reskill: foster high-skilled workforce by 2025.

The Recovery Plan, combined with the goals set in the European Green Deal and the objectives of
individual National Energy and Climate Plans, represent a unique opportunity for Member States
to boost the domestic solar industry and create green employment [161]. Now that both strong
subsidies and clear climate targets are set, and considering that, within RES, solar has reached the
lowest production costs and the highest possibilities for scalability, all the prerequisites are there
to forecast that, in the coming years, new solar installations throughout European countries will
peak [161].

3.2 China

In China, the leading Industrial and Energy Policy is the Five-Year Plan (FYP) [18]; the FYP is
the main policy tool that China uses to drive economic and social development on a five-years
basis [162].

China showed a concrete interest towards environmental issues for the first time in 1998, when it
signed the Kyoto protocol [163]. One year later, solar power was first included in Chinese energy
policies as key for a successful energy transition [145]. China started a process of rural electrifica-
tion, supported by a series of tax policies [145].

China’s solar deployment started around 2007, with demonstration projects [164]. When the
global financial crisis occurred, theChinese industry suffereddrawbacks [164]; nevertheless, China
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introduced a series of PV-favourable policies, that promoted a new round of investments [164].
Until 2012, China’s industry was concentrated in foreign markets [145]; to counteract EU and
US anti-dumping tariffs [142], Chinese companies received added subsidies from the national
government, causing the domestic market to grow rapidly [145]. In the following years, China
strengthened its PV solar subsidy policy (PV Forerunner, price leverages, FiTs), causing a rapid tech-
nological development and costs to be reduced by two thirds [164] [145]. China is now aiming at
reaching PV grid parity [165].

The 14th FYP, for the first time, the Plan outlines long-term China’s climate goals, and refers to
a potential CO2 emission cap [162]. Also, it aims at a reduction of carbon intensity (-18%) and
energy intensity (-15.5%) during the years 2021-2025, to reach carbon-neutrality by 2050 [162]. To
achieve this, the country aims for at least 1.200GWpof combined solar andwind power generation
capacity – solar taking the greater share of the two [161].

The FYP welcomed a series of proposals to reduce the nation’s emissions coming from important
industry actors, such as energy companies, technology firms, and heavy-industry manufacturers
[166]. Timeline, road map, and the KPIs at the local and sectoral level, will be clarified in the 14th
FYP’s forthcoming sector-specific and regional plans (late 2021, beginning of 2022) [162].

Since costs in the Chinese solar PV industry have drop, the government is reducing subsidies and
FiTs [165]; subsidies for new solar projects will stop from August 2021 [167].
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4 Market Dominance Assessment

This chapter outlines the actual application of the Analytical Framework to the European and
Chinese case-study.

The development of theMarket Dominance Assessment follows sequential steps. First, each of the
static variables is valorised through the collection of quantitative data. The type of data needed
for the research differ for each variable, as well as its unit of measure. Also, China and the Eu-
ropean Union have diverse data collection methods for statistic purposes. Within the European
Union, countries are more or less interested in collecting certain typologies of data, depending on
their industrial and energy policies. Normalizing the data, therefore, was not a simple process.
Limitations in access to databases and the lack of up-to-date statistics are detailed in the following
sections, for each variable. Data are not collected as absolute values, but always associated with
a detailed description, explanation, and interpretation. Data, as well, have been often narrowed
down to the specific purpose of this research, andmany assumptions have been drawn to simplify
the process of collection. The comparison between the quantitative data collected, from variable
to variable and from China to the EU, is outlined in Chapter 5.

Next, literature, reports, and journal articles are the basis for the collection of qualitative data.
Dynamic variables are valorised as a comparison between China and the EU, since they only add
valuable insight in the discussionwhen both the two parties are involved in the analysis. Here, the
interconnection and themutual influence of one variable over another (whether static or dynamic)
are easier to notice.

The final outcome of the Market Dominance Assessment consists in an overall discussion that
takes into account all the previously identified significant characteristics of the c-Si solar industry,
and structures them into an Analytical Framework that analyses how and to what degree China
is dominant in the global c-Si supply chain.
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4.1 European Union

4.1.1 Production Capacity

The PV Status Report 2019, composed by the JRC Science for Policy Report under the European
Commission, states that, up to 2020, the cumulative c-Si solar PV cell, wafer and module produc-
tion output in the European Union amounted to 9 GWp [168]. Compared to the worldwide PV
panels manufacturing, the European production capacity is equal to the 6% of the global c-Si solar
wafers, cells, andmodules production, that accounted, in 2020, for approximately 130 GWp [168].

Graph 1; Source: IRENA

In terms of solar power capacity, during 2020, EUmembers states together installed 20 GWp [169].
Up to 2024, SolarPower Europe sees annual demand crossing the 35 GWp level; increments are
expected to bring the total installed solar PV capacity to 253 GWp [161]. These expectations are
mainly drawn from the National Climate Plans of individual states, that, with different percent-
ages, aim at increasing the share of solar power in their energy mix in the coming years [161].
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Graph 2; Source: IRENA

4.1.2 Silicon Metal

Silicon metal is on the EU’s list of CRMs, and its production falls under the Directive on the Emis-
sions Trading Scheme, meaning that there are limits on its refinery [170]. Three EUMember States
extract and process high purity quartz into silicon metal, namely Spain, Germany, and France.
While extraction data are not precise, since the refinery process happens mainly onsite, the to-
tal consumption of silicon in the EU, both for metallurgical and photovoltaics applications, up to
2020, corresponded to 460 metric tons per year [170]. Silicon, in Europe, is purchased for different
end-uses; within these, main applications inMember States are electronic (2%), aluminium alloys
(38%), chemical (50%), and solar (10%) [170], as illustrated in Graph 3.
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Graph 3: Main Silicon Metal applications in the EU (2016-2020)

Source: EUROSTAT

While there are three Member States that contribute to the production of this material, the EU
remains a net importer of silicon metal, with an average import of 350 metric tons per year [170].
Foreign supplies for the EuropeanUnionmainly come fromNorway (30%, that is 105metric tons),
with China and Brazil, respectively, second (11%, that is 38 metric tons) and third (7%, that is 25
metric tons) [170].

Overall, the European sourcing for silicon Metal reached an average of 520 metric tons per year,
surpassing the total averaged annual consumption of this material [170]. Main domestic sourc-
ing of silicon metal comes from France (20%, that is 104 metric tons), Germany (6%, that is 31
metric tons), and Spain (6%, that is 31 metric tons), that together produced an average of approxi-
mately 170metric tons in one year [170]. Graph 4 recaps the EU’s sourcing of siliconmetal in 2020.
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Graph 4; Source: EUROSTAT

The total consumption of silicon in European Countries for solar applications corresponded be-
tween 2016 and 2020 to approximately 46 metric tons per year [170]. Being the usage of silicon
metal for solar applications equal to the 10% of the total European consumption, and, within these
applications, 95% dedicated to c-Si wafer-based solar panels, the annual needs of the EU for sil-
icon metal amounts to 37 metric tons per year [170]. C-Si solar panels are becoming crucial in
the energy transition towards more sustainable methods of energy production, and the needs for
silicon metal applied to c-Si solar panels are consequently forecast to grow rapidly in the coming
years. More specifically, the compound average growth rate will be of 10% up to 2025 [170].

In c-Si technologies, the usage of silicon metal corresponds to 3g/Wp [171]. This means that,
to reach a generation capacity in the order of 230 GWp, in line with the European Green Deal
goals, the European demand for silicon metal, used in c-Si solar applications only, will increase of
approximately 8 metric tons [171]. Table 5 recaps the data collection about silicon; it shows the
import, export, consumption, and production trends in the EU.
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Table 5: EU Silicon metals sourcing, consumption, production rates

Source: EUROSTAT

4.1.3 Patents

For the purpose of this Thesis, the database used was the EPO, since it represents one of the most
complete data-set, and it collects patents for countries worldwide. The search query was <"crys-
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talline" AND "silicon" AND "solar" AND "cell">, in order to include in the research only patents
strictly related to the c-Si-based technology. More filters have been then applied to limit the pub-
lication date from 01-01-2000 to 31-12-2020; the exclusion of the year 2021 was done on purpose,
since the database could be incomplete of the patents that are now awaiting for approval [90].
Next, the applicants of the patents have been filtered only to European companies or research bod-
ies. Lastly, the selection has been narrowed down to include only the IPC groups and subgroups
related to c-Si solar cells, excluding other PV-systems components such as storage applications.

Graph 5; Source: EPO

From the search query, 1655 patents were selected. As for the International Patent Classification
(IPC), the highest concentration of the patents retrieved is in the class H01L031 (45%), that com-
prehends semiconductor devices sensitive to light or infrared radiation. Significant is also the contribu-
tion of class H01L21 (20%), that defines processes or apparatus adapted for the manufacture or treatment

of semiconductor. Within themain class, there are 5 primary subgroups, that are: H01L31/18 (27%),
H01L31/042 (13%), H01L31/0224 (13%), H01L31/04 (11%), and H01L31/216 (9%) (see Table 3
for detailed definitions).
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Graph 6: EU’s patents main IPC groups and subgroups

Source: EPO

For what regards the applicants, the number one country is Germany, with a share of 38% out of
the total patents retrieved, followed by France (18%), the Netherlands (13%), Italy (9%), Belgium
(8%), and Spain (4%). As already stated, Germany started the market for PV solar applications
with the introduction of the FiT scheme, reason why its industry developed to the point that it ac-
counts for the almost the same number of patents deposited by France, the Netherlands, and Italy
together [96]. The percentages are also relatable to the favourable energy policies and subsidy
schemes put into place in the Member States listed above, that favored the deployment of the c-Si
technology.
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Graph 7: EU’s main patents applicants

Source: EPO

4.1.4 Subsidies

Seven are the different main types of subsidies that, throughout European countries, support the
deployment of solar power applications [172]. Namely, these are: subsidies, loans, FiTs, premium
tariffs, quota systems, net-metering, and tax regulation schemes [172]. Each European country
has a proper subsidy-mix for solar energy, adapted to the domestic institutional and economical
setting [2] [152] [153] [154] [155] [156] [157] [158] [173] [160]. Some countries have opted for
subsidy policies on a national basis, while others have different schemes for each region [172].
Belgium, for example, has three individual solar policies, one for Brussels, one for Wallonia, and
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one for the Flanders, in addition to the national quota system [172]. The detailed description of
subsidy schemes, on both nationwide and type levels, are outlined in Annex B.

The most common type of subsidy is the FiT, with 10 countries active on it, followed by the net-
metering system (9 countries) [172]. Next are tax regulation, premium tariffs, and subsidies, all
of which implemented in 8member states [172]. Each EU country has at least one support scheme
that is currently active; while these schemes are directed to different solar industry segments and
more or less vast audiences, with different budgets, it is important that a financial support is avail-
able and accessible for some categories of users, since economical aid is a powerful tool in driving
investment, research, and deployment of a technology [58].

Table 6: EU solar subsidies

Source: RES LEGAL EUROPE

FiTs

FiTs are allocated, in European countries, depending on a series of factors. FiTs, first of all, differ
depending on the year in which the PV system has been installed, and reduce over the years, in or-
der to adapt to the reduction in costs for PV systems operators [58]. Austria, for example, assigned
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FiTs forect 7.91/kWh in 2018, reduced toect 7.67/kWh in 2019. Also, the amount of tariff assigned
varies for every solar technology, being higher for those technologies that have higher costs, such as
thin-film panels [172]. In Portugal, concentrated photovoltaic (CPV) receives e380/MWh, while
concentrated solar power (CSP) gets e270/MWh [173]. In addition, FiTs change depending on
the capacity of the solar PV system [173]. Malta, in 2019, assigned e0.155/kWh for solar sys-
tems with a capacity between 1-40 kWp and e0.1405/kWh for capacities in the range 40 kWp -
1 MWp [172]. Lastly, some EU countries adopted different tariff rates depending on the time of
the day, likeHungary, that structured different tariffs for peak, valley, and deep-valley period [58].

Premium Tariffs

Premium tariffs, implemented in 8 European countries, have a similar structure when compared
to FiTs: their amount varies depending on the same characteristics of FiTs, that are the year of
installation of the PV system, the type of solar panels, to reflect the costs of different technologies,
the capacity of the PV system, and the time of the day. In addition, premium tariffs reduce over
the years, adapting to the dynamics of the solar market [174]. FiTs and premium-price policies
are different since the latter offers a premium above the average spot electricity market price [174].

Subsidies

Unlike FiTs, subsidy schemes across the EU cannot be related to a standard structure, adapted to
the national institutions. Instead, each country that provides financing for the implementation of
solar systems proposes a different method for the allocation of the financial resources; method-
ologies differ both inter-nations, and within the country themselves [175]. Subsidies can differ
by amount, aim of the project, technical requirements, methods of calculation, ecological require-
ments, minimum initial investment, type of investors, or solar technology, between others [174].
Austria, for example, proposes five different types of subsidies for solar installations [172]. Sub-
sidy III, in particular, is dedicated to off-grid installations: with a minimum investment ofe10.000
and a cap of e1.500.000, the investor receives 30% of the cost of the installation. The investor can
request an additional 5% for installations in ecologically sensitive areas, EMAS, or EU co-funded
projects [172].

Brussels, instead, focuses on enterprises, and allocates subsidies depending on the size of the com-
pany. Finland finances up to 30% of the initial investment in solar PV facilities, depending on the
aim of the project; funding can easily reach 40% in case of the use of a new technology [172].
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Quotas

Throughout the EU,RESquotas are allocated to certified installations producing electricity through
renewable energy sources [175]. The number of quotas, or green certificates, depends on the
amount of electricity generated in proportion with the CO2 saved: one certificate is issued for ev-
ery unit of CO2 saved, with units being defined on a national level [175]. Certificates can then be
traded by means of a dedicated market for renewable energy certificates [175].

Quotas are expressed as percentages of the total electricity consumption and calculated through
formulas set by law; each member state has its own calculation method [175]. Each year, the
amount of quotas tends to increase. Quotas are a useful tool in the deployment of renewable en-
ergy technologies; in some countries, quotas are divided between different types of RES [172]. In
the EU, six regions are actively using green certificates [172].

Net-Metering

Net-metering consists in a reduction of the electricity bill, equal to the electricity fed back into
the grid from the producer [176]. If the put back into the grid exceeds the amount of electricity
taken from the grid, the difference between the two values is not refundable [176]. In the EU, net-
metering is usually applicable for households, public administration buildings, and commercial
industrial units, without significant differences between the final consumers in the net-metering
structure. Nine member states have active net-metering systems [172].

Tax Regulation

Tax regulation mechanisms consist in a reduction of a particular taxation for the installation of
renewable energy technologies as electricity sources [172]. In the EU, each country applies the
tax reduction depending on specific local criteria [172]. France has two types of tax regulation,
one is a tax credit, that implies a discount on physical individuals, therefore on the single-person;
the second method applies on the value-added tax, therefore on goods (10% on the solar PV sys-
tem components). Greece, instead, focuses on protecting enterprises, with diverse tax discount
depending on the size of the company [172]. Italy implemented, in addition to a value-added tax
relief, a reduction in real estate tax to 0,4%, when solar technology is installed [172]. In theNether-
lands, one tax regulation mechanism allows for a reduction of the environmental protection tax,
where consumers are exempted from the taxation if they produce electricity for self-consumption
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through solar power, and get a reduction when they buy it from renewable sources [172].

Loans

In the EU, seven member states have implemented national loan systems [172]. Loans are usu-
ally allocated as percentages of the total investment required to install a solar facility, that vary
depending on the year in which the investment is done, to reflect the variations in costs of the
solar technology [172]. Loans, within the EU, differ due to the pay-back year of the loan (usually
ranging between 5 to 30 years), the interest rate, that is turn varies depending on the type of in-
vestor, the type of investment (such as investments in generation capacity or storage components),
or the evaluation of environmental criteria [172]. In addition, there are usually requirements on
the minimum investment, and a cap is fixed for maximum amounts allowed [172]. Also, loans
for investments in solar technologies fall under a national or regional budget; if the investments
exceed the total budget, investors can incur in a reallocation of resources, and will receive lower
financing [172].

In Denmark, loans for solar PV systems are allocated from the Ministry of Energy, that must work
within a budget of 10 million DKK; Slovenia proposes different interest rates for residents and
corporations, and local communities [172].

4.1.5 Labour

The European Union is home of the 4.4% of the global solar PV industry employment, with Ger-
many being the top leading country [161]. In 2018, Germany accounted for more than 40.000 jobs
in its domestic solar market alone [161]. Spain, thanks to the law enforcement in the context of the
European Renewable Energy Directive, saw a growth of around 1.000 jobs in 2018 [161]. During
the same year, in France, solar PV employed around 15.000 people [161].

In terms of job creation, in the European Union, it is estimated that each MW of a solar PV system
that uses c-Si technology, requires a labor equal to 43 people [171]; in particular, 10 workers are
needed for the manufacturing process of the solar modules, while 33 for the actual installation
of the PVs [171]. In a study by the European Photovoltaic Industry Association, jobs for these
two phases of the solar supply chain are calculated as [person-year/MW]; this means that, for
each MWp of a PV installation, 43 jobs, of the duration of 1 year, are activated [171]. Once the
PV system is manufactured and installed, en fact, if the demand for new PV installations ceases,
consequently the employment rate will drop down [171]. The O&M phases, instead, require, on

59



average, 0,5 jobs for each MW of a PV system [171]. The units here are expressed as jobs because,
usually, being the medium life-span of a c-Si PV system near to 20-25 years, the duration of these
jobs is equated to the longevity of the PV installation [171].

Graph 8; Source: IRENA

4.1.6 Production Costs

Between December 2009 and December 2019, c-Si module prices declined between 87% and 92%
for modules sold in Europe, depending on the type [177]. While the weighted average cost reduc-
tion would be in the order of 80% during that period, a wide range of costs exists, depending on
the type of module considered, with costs for December 2019 varying from as low as e0.18/Wp
for the lower cost modules to as high as e0.32/Wp for all black modules [177]. Reductions in
production costs have mainly been related to the optimisation of the manufacturing process, and
to a process of vertical integration of the different phases of the manufacturing chain, that led to
economies of scale [84]. Up to 2021, in the European Union, the average spot market price for c-Si
modules is e0.25/Wp [178].

Threemain types of solar applications are significantly present in European countries, namely res-
idential solar PV installations (mainly, rooftop installations), utility-scale PV systems, and com-
mercial PV systems [177]. For each scale, production costs differ; each scale, en fact, requires
specific PV components [177]. Up to 2019, in France, for example, the average production cost for
a residential c-Si PV system was in the order of e1360 for each kWp; a commercial c-Si PV system
would cost approximately e1426,3 per kWp; 1 kWp of a utility-scale PV system of the same tech-
nology, instead, would require an investment of e979, an amount that is significantly lower [177].
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Germany saw a reduction in utility-scale PV total installed costs of 76%, Italy and Spain in the
order of 84%, France reduced costs by 82% [177].

Residential PV systems

Up to 2019, the average total installed cost for residential c-Si solar PV systems, in the EU, was in
the order ofe1300 for each new installed kWp [177]. Where historical data are available, costs are
averaged taking as benchmark Italy, Germany, Spain, and France, considered to be representative
of the European solar market [177].

Graph 9; Source: IRENA

Commercial PV systems

On average, up to 2019, commercial c-Si solar PV systems accounted for a total installed cost of
e1000 per kWp [177]. Where historical data are available, costs are averaged taking as bench-
mark Italy, Germany, Spain, and France, considered to be representative of the European solar
market [177].
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Graph 10; Source: IRENA

Utility-scale PV systems

At the end of 2019, utility-scale c-Si PV systems in the European Union had an average total in-
stalled cost of e850 per kWp. Where historical data are available, costs are averaged taking as
benchmark Italy, Germany, Spain, and France, considered to be representative of the European
solar market [177].

Graph 11; Source: IRENA
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Understanding differences in the individual cost components of PV systems in the individual
markets, consequently, remains key to understanding how to unlock further cost reduction po-
tential [84].

4.1.7 Solar Power Potential

Annex C reports the complete data collection, while below are the main results from the data
analysis.

Countries with the highest average practical potential are those countries located in the southern
part of Europe, namely Cyprus, Malta, Spain, Portugal, Greece, Croatia, Italy, and Slovenia [105].
Here, the potential ranges from 4000 to 4700 kWh/kWp. Together, these countries produce, on
a daily basis, 128 GWh of electricity [105]. Next are Italy, Bulgaria, Croatia, Romania, Hungary,
Slovenia, France, Slovakia, Austria, and Czech Republic. Their average practical potential can
vary from 3000 to 4000 kWh/kWp. The medium zone produces 100 GWh per day of electric-
ity through solar power [105]. Last, but not least, northern European countries have an average
practical potential between 2500 and 3000 kWh/kWp. Northern Europe produces on average 198
GWh/day [105].

Graph 12; Source: World Bank Group
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In terms of installed capacity, Germany leads the way with almost 54 GWp of existing solar gener-
ation capacity [105]. Germany, alone, produces almost the same amount of electricity from solar
PV facilities produced by other European Countries together, with the exception of Italy [105].
Other major contributors in the generation of electricity from solar PV installations are France (39
MWh/day), the Netherlands (29 MWh/day), and Spain (21 MWh/day) [105].

Graph 13; Source: IRENA

On average, a single citizen, in the European Union, consumes approximately 6038 kWh/year
[105]. From this value,multiplied for the total Europeanpopulation (449millions), emerges a total
consumption of electricity equal to 2.711 TWh/year [105]. The cumulative PV installed capacity
in different member states corresponds to 130 GWp, with an average energy production of 426
GWh/day [105]. Annually, the PV plants in the European Union are altogether able to produce
155 TWh of electricity [105]. This means that, up to 2020, in the EU 6% of electricity is generated
through solar power; the vast majority of electricity (94%) is, therefore, produced by using other
types of energy sources, both renewable and fossil-fuels based.
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4.2 China

4.2.1 Production Capacity

On a global scale, approximately 80% of the c-Si production is located in China alone, with a man-
ufacturing capacity of 106 GWp up to 2020 [161]. According to the latest roadmap of the China
PV Industry Association, at the end of 2021, wafer production is believed to reach 181 GWp; sil-
icon cell production will increase to 152 GWp, and module output is forecasted to expand to 145
GWp [161].

Graph 14; Source: IRENA

The rapid expansion in c-Si manufacturing capacity is due to multiple factors. Firstly, the im-
plementation of favourable national policies for the development of solar technologies, that in
turn stimulated significant rounds of investments in solar technologies [179]. Next, an increase
in vertical integration of the different phases of the solar supply chain, that led to dramatic cost
reduction, and consequently investments in additional manufacturing capacity [179]. Lastly, the
development of the domestic solar market increased local demand for c-Si technologies [179]. Af-
ter 2015, these series of investments caused the global solar industry to suffer from oversupplies;
as a consequence, solar wafer, cell, and module prices drop worldwide [179].

65



4.2.2 Silicon Metal

China is the world’s largest producer of silicon metal [170]. Around 5 million metric tons of sili-
con were produced in 2020 in China, that is more than two thirds (66%) of the global production,
equal to 8 million metric tons [180]. Other countries whose production of silicon metal is sig-
nificant are the United States (8%), Brazil (7%), and Norway (6%) [180]. During the same year,
China consumed 61% of worldwide production [170]. Strong efforts undertaken by the Chinese
government to accelerate the growth of the solar industry are also expected to bolster the demand
for silicon metal over the coming years [180].

Graph 15: Source: STATISTA

Silicon metal has three main industrial applications in the Chinese market, that are: aluminum,
silicones, and solar applications [181].

Aluminum, in 2020, dominated the market with a share of more than 50%. Silicon metal is used
as a strengthener and an alloying agent in the production of aluminum [181]. The stringent pollu-
tion standards set for automakers across the world are likely to push the demand for automotive
aluminum owing to its lightweight properties and ability to reduce pollution. This pressure on
automakers is likely to drive the segment over the coming years [181].

Apart from the production of aluminum alloys, a significant share of the total siliconmetal output
goes for the production of silicones [181]. Silicones are man-made polymers used in varied end-
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use industries, such as building and construction, automotive and transportation, and healthcare.
The increasing demand for silicones, especially in developing economies, is expected to benefit
the segment growth [181].

Siliconmetal is the solar industry is mainly dedicated to the production of c-Si technologies (95%)
[182]. Solar power is key in the 14-th Five Year Plan for the transition to a green economy; this
means that, in the coming years, silicon metal consumption allocated to solar applications, in
China, is expected to increase rapidly [18].

4.2.3 Patents

For the purpose of this Thesis, the database used was the EPO, since it represents one of the most
complete data-set, and it collects patents for countries worldwide. The search query was <"crys-
talline" AND "silicon" AND "solar" AND "cell">, in order to include in the research only patents
strictly related to the c-Si-based technology. More filters have been then applied to limit the pub-
lication date from 01-01-2000 to 31-12-2020; the exclusion of the year 2021 was done on purpose,
since the database could be incomplete of the patents that are now awaiting for approval [90].
Next, the applicants of the patents have been filtered only to Chinese companies or research bod-
ies. Lastly, the selection has been narrowed down to include only the IPC groups and subgroups
related to c-Si solar cells, excluding other PV-systems components such as storage applications.
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Graph 16; Source: EPO

From the search query, 1282 patents were selected over the specific time span. As for the Inter-
national Patent Classification (IPC), the highest concentration of the patents retrieved is in the
class H01L031 (70%), that comprehends semiconductor devices sensitive to light or infrared radiation.
Within the main class, there are 5 primary subgroups, that are: H01L31/18 (40%), H01L31/0224
(17%), H01L31/042 (10%), H01L31/048 (10%), and H01L31/05 (10%).

Graph 17: China’s patents main IPC groups and subgroups

Source: EPO

4.2.4 Subsidies

As already noticed, the central and local Chinese governments deeply influence the deployment of
solar power throughout the country [183]. As for European countries, the most common subsidy
scheme in China has been the feed-in tariff, allowing solar projects to lock-in an above market
electricity price for 20 years [183]. FiTs peaked, in 2010, 80 cents / kWh; in the following years, FiTs
started phasing-out [183]. As to April 2020, the National Development and Reform Commission
further reduced the subsidy to about 5 cents / kWh [183].

The general structure of the subsidy regime, in China, is quite complicated [184]. In 2020, the total
subsidy for PV amounted to about e200 millions, almost halved when compared to 2019 [184].

Starting in August 2021, China will enter a subsidy-free era, meaning that the government will no
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longer grant subsidies to large-scale solar parks and large rooftop systems. As the coming end
of subsidies was known by industrial players in advance, this may also explain the high growth
observed in 2020; the industry concluded many projects in 2020 in order to benefit from the final
subsidy offers [161].

Table 7: China solar subsidies
source: NREL

4.2.5 Labour

IRENA estimates that, in 2019, 59% of PV employment was located in China [94]. This means that,
out of the 3.8million jobs of the solar PV industry in 2019, 2.2millionswere of Chinese competence.

Graph 18; Source: IRENA

China has a solar employment factor of 497 jobs of the duration of one year for each GWp of
new capacity installed [185]. Chinese jobs in the manufacturing and installation phases peaked
during the European anti-dumping tariffs period, when the Chinese local solar installations in-
creased rapidly, due to the development of the domestic market [185]. Since 2015, instead, given
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the slowdown of the Chinese new solar installations, jobs in these segments reduced; in the fol-
lowing years, until now, they have been replaced and overcame by those jobs in the O&M and
manufacturing areas [185].

When comparing different renewable energy sources, solar, in China, is the sourcewith the highest
potential to replace existing jobs in the coal industry [185]. In particular, 29% of coal mining areas
are defined as suitable for solar power installations, with the potential to create 1.5 additional
millions of jobs in the Chinese solar industry [185].

4.2.6 Production Costs

The total installed cost reductions that developed in China from 2009 to 2019 are related to various
factors [177]. Key drivers of lower c-Si module costs are reduced labour costs, enhanced module
efficiency, and the improvement of manufacturing processes [177].

In particular, 2019 was the year that saw a significant reduction in total installed costs across all
the major solar markets, such as China, India, Japan, the US, and Korea [84].

In the residential sector, China and India lead the way in terms of lowest total installed costs [177].
Worldwide, costs since 2013 have been between two and three times than those of India and China
[177].

Threemain types of solar applications are significantly present in European countries, namely res-
idential solar PV installations (mainly, rooftop installations), utility-scale PV systems, and com-
mercial PV systems [177]. For each scale, production costs differ; each scale, en fact, requires
specific PV components [177].

Residential PV systems

Up to 2019, the average total installed cost for residential c-Si solar PV systems in China amounted
to e840 per kWp [177]. Worldwide, China and India have the lowest total installation costs for
residential c-Si PV systems [177].
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Graph 20; Source: IRENA

Commercial PV systems

On average, up to 2019, commercial c-Si solar PV systems accounted for a total installed cost of
e760 per kWp [177]. Chinese total installed costs for commercial PV systems, worldwide, repre-
sent the benchmark as the lowest [177].

Graph 21; Source: IRENA
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Utility-scale PV systems

At the end of 2019, utility-scale c-Si PV systems in China had an average total installed cost ofe794
per kWp [177]. For the case of utility-scale PV systems, China was second only to India (e618 per
kWp) in terms of lowest total costs [177].

Graph 22; Source: IRENA

Further discussion about these data-sets will be outlined in Chapter 5, including the comparison
with the European values.

4.2.7 Solar Power Potential

Annex C reports a more detailed data-set about China’s solar power potential, while below are
the main results from the data analysis.

China has an average practical potential of 3.883 kWh/kWp/day, against an average theoretical
potential of 4.127 kWh/mq/day [105]. China is a vast country (in the range of 10 million square
kilometers), where solar irradiance varies among different regions; the study divides the country
into two main macro-regions: 50% of the evaluated area has a practical potential in the range of
4.0 to 4.8 kWh/kWp, while, in the rest of the country, the practical potential ranges between 3.2
and 3.8 kWh/kWp [105].

China has an electricity consumption rate, per capita, equal to 3.927 kWh/year, well below the
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European average (6.038 kWh/year) [105]. With a population, in 2018, of almost 1.4 billion of
people, the total electricity consumption, in that year, was equal to approximately 5.500 TWh/year
[105]. The cumulative PV installed capacity in China, up to 2020, corresponded to 250 GWp,
with an average energy production of 970 GWh/day [106]. Annually, the Chinese PV plants are
altogether able to produce 355 TWh of electricity [106]. This means that, up to 2020, in China 7%
of electricity is generated through solar power; the vast majority of electricity (93%) is, therefore,
produced by using other types of energy sources, both renewable and fossil-fuel based [106].

4.3 Competition

As explained in the outline of the Analytical Framework, the index used in this research as a
starting point to evaluate the degree of competition in the global solar market, with a focus on the
European and Chinese realities.

Bloomberg New Energy Finance collects detailed statistics, within other fields, about solar power
companies [9]. For the purpose of this thesis, the first 25 companies manufacturing c-Si wafers,
modules, and cells have been considered in the calculation, as reported in the Bloomberg statistics
[9]. Bloomberg clusters companies into three main tiers, that are Tier 1, 2, and 3 [9]:

- Tier 1 is represented by those companies that are highly automated, that are in the market since
at least five years, that present vertical integration at all phases of the supply chain, and that invest
in R%D;
- Tier 2 comprehends smaller and newer companies with some industry reputation, with some
projects that have bank financing, and little investment in research and development;
- Tier 3 are companies that assemble using othermanufacturers’ solar cells, that use humanmanual
labor rather than automation, and that are new, typically 1 to 2 years in business.

The classification considered in this thesis mainly comprehends companies belonging to Tier 1,
with little room for companies belonging to Tier 2; none of the companies selected is related to
Tier 3.

Below is the classification of the companies. The column on the right reports the average annual
output, expressed in MWp.

Market shares are calculated considering an annual global production of 130 GWp of c-Si solar
modules [168]. As a result, individual market shares range between 1% and 3%. Summing up the
market shares of single companies, the ranking would be:
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1. China, with a market share of 51.18%;

2. the US, with a market share of 15.89%;

3. South Korea, with a market share of 13.71%;

4. Germany, with a market share of 2.5%;

5. Canada, with a market share of 2.32%;

6. India, with a market share of 2.25%;

7. Taiwan, with a market share of 2.14%;

8. Japan, with a market share of 1.21%.

It is due to remark that these market shares are only abstractions of the actual state of the solar
market dynamics. As stated above, many assumption have been made in the data-sets collection.
In addition, the list only comprehends the "first" 25 companies of the solar market, and rankings
are assigned depending on Bloomberg’s standards [9].

When applying theHHI formula, its final value amounts to 3.082. Therefore, despise China having
a supposed market share of more than 50%, what results from the calculation is that the market
is competitive [26]. Remembering that the HHI is a simplification of the actual market dynamics,
the result is useful to evaluate that there are no single companies that control the worldwide PV
panels production. Still, the major presence of China in the global solar market is undeniable,
especially when compared to the European reality.

4.4 Trade Policy

China and the EuropeanUnion are two of the biggest worldwide traders [186]. Today, China is the
EU’s second biggest trading partner, behind the United States; in turn, the EU represents China’s
biggest trading partner [186]. China and Europe trade on average over e1 billion per day [186].
In 2020, the EU imported goods and service from China for a total amount of e400.000 millions;
in turn, China imported from the EU e200.000 millions, with an unbalance equal to e200.000
millions [186].

In 2013, the EU and China launched negotiations for a Comprehensive Investment Agreement,
that concluded in December 2020, with the development of the EU-China 2020 Strategic Agenda
for Cooperation [186]. The main aim of the Strategic Agenda is to strengthen the EU’s long-term
bilateral relations with China, and to enhance a level playing field and fair competition across all
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areas of cooperation [186]. Also, the Agenda wants to increase transparency of China’s trading
system; China, en fact, joined the WTO in 2001, agreeing to reform and liberalise important parts
of its economy [38]. Many companies, however, remained in the position of state-owned firms,
and the government intervention in the economy is still nowadays quite significant, creating un-
balances in international open trade [38].

In the context of solar power, the Chinese government interventions emerged clearly in 2013, when
the EU imposed anti-dumping duties (in the range of 11.5% to 64.9% for non-cooperating compa-
nies) on imports of Chinese solar panels [187]. The anti-dumping tariffs were imposed following
an investigation of the EU commission over non transparent subsidy allocation for the deployment
of solar power to Chinese companies [187]. In 2018, the anti-dumping duties were removed, since
the Commission stated that there were no more market conditions that justified the extension of
the duties [187]. In addition, the EU gave priority to the deployment of solar energy in member
states, that could be significantly speeded up thanks to foreign imports of c-Si solar panels [187].

In the EU, no customs duties are paid on goods moving between EU Member States; EU Member
States apply a common customs tariff for goods imported from outside the EU; goods that have
been legally imported can circulate throughout the EU with no further customs checks. Today,
imports of solar c-Si panels from China are subject to regular import tariffs, with no additional
duties [188].

4.5 Substitution

There are mainly three different alternative solar technologies that have a future market potential,
rather than c-Si Chinese technologies [189]. These alternatives, however, have an overall reduced
performance [70].

The most prominent alternatives available in the market are represented by thin-film solar panels
and perovskite cells [70]. Thin-film panels can be composed of a variety of materials, namely Cad-
mium telluride (CdTe), Amorphous silicon (a-Si), and Copper indium gallium selenide (CIGS)
[70]. Within these, CdTe and CIGS are the options with the highest commercial potential [70].

• CdTe constituted 51% of total thin-film production and 2.3% of the global PV panel produc-
tion in 2017; its main disadvantage is the toxicity of cadmium, and therefore its environmen-
tal impact, that caused a reduction of the global production, since 2009, of 13%; cadmium is
specifically listed in the European Restriction of Hazardous Substances. The scarcity of the
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other main ingredient in CdTe, tellurium, is a further drawback. CdTe is very limited in its
cross-industry applicability, which further limits its disruptive potential [70];

• CIGS is themost promising thin film technology; it has high potential for efficiency increases
and cost reduction. CIGS constituted 42% of total thin-film production and 1.2% of total
global PV production in 2017. CIGS, however, do not offer advantage in utility-scale PV
plant applications in which features such as flexibility are all but irrelevant.A further short-
coming,much like CdTe, is that CIGS has no compelling cross-industry applicability outside
of solar energy [70].

• Perovskite cells are primarily lead-halide based technologies. Latest lab performances re-
port an efficiency of approximately 20%, the fastest rate-of-efficiency increase for all PV tech-
nologies. The main disadvantage of perovskite cells consists in their instability, since they
degrade quickly: perovskite cells can generate stable power formore than 2.000 hours under
full sunlight. However, the industry standard 25 year lifespan of c-Si technologies equals
54.000 hours under full sunlight. Further, the cross-industry synergies of perovskite, if any
exist, have yet to emerge [70].

Compared to c-Si, CIGS has a slightly lower cell (23.4% versus 25%) and panel efficiency (19.2%
versus 23%) [70]. In terms of costs, thin-film technologies are still higher, when calculated as e/
kWh [70]. In addition, thin-film technologies are not ideal for residential installations; compar-
atively, they will be cheaper, but occupy more space and produce less electricity, due to lower
efficiencies [70]. But the main bottleneck in the deployment of CIGS technologies is the lack of
production capacity: globally, 130 GWp are dedicated to the manufacturing of solar PV applica-
tions [168]. Out of these, only 5% is suitable for thin-film production [168]. CIGS, as c-Si, requires
adequate production infrastructures for the processing of copper, indium, gallium, and selenide
and the creation of CIGS panels [70]. CIGS technology, while being an interesting alternative to
c-Si solar applications, is not ready to compete with the Chinese c-Si solar technology in the global
solar industry [70].

4.6 Technological Change

C-Si solar technologies have been subject to rapid technological advancement, during time, while
being deployed in worldwide countries [46].

In particular, the technological advance can be noticed from the increase of cell efficiencies and
from themodules price drop after 2009, due to improvements in themanufacturingmethods [46].
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Most of the technological advance potential, therefore, resides in the production of solar wafers,
solar cells, and solar modules, both for materials used and manufacturing processes [46].

However, since its commercialization, research in further technological developments of c-Si tech-
nologies has significantly lowered; up to now, c-Si is considered to be a in a state of mature techno-
logical advance, with little space for further innovation [70]. In most recent years, the only traits
of innovation can be found in the usage of silicon metal, reduced to 3g/Wp from the initial stages
of 12Wp [70]. Also, c-Si is a consolidated technology, with solid supporting production infras-
tructures that are highly expensive and well structured: modifying the manufacturing processes,
therefore, would imply major investments to adapt existing production facilities to new techno-
logical developments [46]. Instead, the current focus of research is on the development of other
solar PV technologies, as outlined in the previous section, in the analysis of potential alternatives
to c-Si technology [70].

4.7 Reputation Damage

A crash in the reputation image of a country can impact its interstate relations the overall inter-
relations between the two states, by many perspectives (political, economic, institutional, logis-
tic) [187].

One major case-study is represented by the solar dispute happened between India and the US in
2018 (identified in theWTO as Dispute Settlement DS456) [190]. India accused the US with a dis-
pute settlement pronouncing that subsidies and mandatory local content requirements instituted
by eight American states breached global trade rules while damaging India’s domestic renewable
energy industry [190]. The accusation came after the US, in 2014, in turn accused India’s Jawa-
harlal Nehru Solar Energy Mission, on the grounds that it included incentives for domestically
produced solar cells and modules [190]. The dispute reached other industrial segments (such as
alcohol trades), and had repercussion on the political and economic relations between the two
states; the dispute peaked in 2019, when the United States terminated India’s participation in the
generalized system of preferences program [190].

From this example, it is easy to notice the complexities of interstate relations, especially in today’s
international market, where globalization has reached almost every segment of worldwide indus-
try dynamics [191]. In this regard, China is a particular reality, since, while its trade policies are
increasingly open to foreign countries and more transparent, the structure of the government re-
mains strongly centralized, with a high number of state-owned or state-controlled firms [191]. In
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an institutional context similar to the Chinese, therefore, reputation damages caused by govern-
mental decisions can have major drawbacks for the all industrial sectors as well [191].

As already outlined, in 2013, the European Commission, after an investigation on the Chinese sub-
sidy program allocated to solar companies, decided to impose anti-dumping duties on Chinese
imports of PV panels [192]. Therefore, decisions coming from the central government, had reper-
cussion on the national solar industry, causing damages both for solar companies, that suffered
from over-capacities, and to the image of the country itself [192]. The European Commission de-
cided that companies contributing to the investigation would seen a duty rate of on average 47.7%,
that is the duty rate applicable to the majority of exporters under normal trade conditions, while
a duty of 64.9% would be applied to those exporters who did not cooperate [192]. As a result, the
Chinese solar industry had to slowdown its exports to the European Union; the Chinese govern-
ment had to institute national subsidies to foster domestic solar installations, in order to restore
its solar market share and avoid companies to bankrupt [192].

In addition, China, since 2001, is a member of the WTO [38]. The membership require that coun-
tries comply with international trade agreements in a transparent way [38]. The WTO is a global
organisation, where trade disputes are solved publicly; nations misbehaviour could potentially
mine their global interstate relations [38]. China and the European Union, also, signed the Strate-
gic Agenda for Cooperation, in order to increase China’s transparency in long-term bilateral re-
lations; with the Agenda, the EU aims at enhance its trade with the Chinese government, while
creating a level playing field for companies of both commercial partners [193].

4.8 Counter Monopolies

As previously outlined, the c-Si PV global supply chain is divided in different phases.

First, the production of c-Si panels requires the extraction and refinery of silicon metal with a
degree of purity equal to 99.99999% [63]. In this regard, China controls 80% of the global pro-
duction of silicon metal, with an average production of 4.5 million metric tons of silicon metal per
year [168]. In terms of sourcing, Norway leads the way with a share of 30% of European annual
supplies, compared to China that accounts for a share of 11% [170]. Silicon metal, however, is
used in other segments of the European industry, with c-Si solar applications accounting for less
than 2% of the total consumption [170]. It is difficult to imagine that silicon produced in member
states will change its current usage, and in turn be applied to solar applications: Member States
do not currently have enough production capacity to manufacture enough silicon wafers to satisfy
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local demand [170].

Section 4.5 reports data on the European Union c-Si solar installations: up to 2021, approximately
90% of the installed solar c-Si cells and modules throughout member states are imported from
China or other Asian countries [189]. Also, if the EU wants to reach the goals of the European
Green Deal, and increase its PV capacity up to 230 GWp, Chinese imports are expected to keep
rising in the coming years [2]. There are no significant available options, worldwide, for the EU
in terms of c-Si cells and modules supplies, rather than China.

The absence of counter monopolies along the global c-Si supply chain is also explicable with the
high degree of vertical integration of Chinese solar companies [84]. The process of vertical inte-
gration developed mainly due to the control over silicon metal production (that, in the past years,
also reached over-supply), and the favourable subsidy scheme, that allowed Chinese companies
to expand along the solar value chain [179]. European companies, in turn, mainly focuses on
single-phases of the supply chain [84].

The only phases of the c-Si supply chain where the presence of China is not significant, are the
installation and the O&M stages [84]. These operations, en fact, take place locally, where domestic
companies control themarket [84]. In these phases, however, there are amultiplicity of companies
competing [84].

4.9 Potential Market Entries

In the 2021 Snapshot of Global PVMarkets [169], the IEA Photovoltaic Power Systems Programme
recaps the main trends of 2020 in the global solar market; it evaluates who are the main market
parties, what are the current policies, and where solar power places in the broader energy transi-
tion [169].

Outside of China, the global PV market grew from approximately 80 GWp of 2019, to at least
90 GWp in 2020, with an increase of 14% year on year [169]. The EU installed 20 GWp of new
generation capacity, with Germany being the largest European market (5 GWp), followed by the
Netherlands, Poland and Spain (3 GWp), Belgium and France (1 GWp) [169]. Other key markets
were India (5 GWp), Australia and South Korea (4 GWp), and Brazil (3 GWp) [169]. Among
the top 10 countries, six are Asia-Pacific countries (China, Japan, South Korea, Vietnam, and In-
dia), two countries in the Americas (Brazil, the US), and two European countries (Germany, the
Netherlands) [169]. These countries alone represent around 80% of the global annual PV mar-
ket [169].
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China, therefore, represents the number one leading country in terms of both installed solar gen-
eration capacity, and annual growth. Ranking number two is the European Union [169]. The
level to enter the top 10 global markets in 2020 was around 3 GWp: this means that few countries,
worldwide, have the potential to significantly approach the market and gain a concrete market
share, when compared to the current solar leaders [177].

While countries worldwide are pushing for the deployment of solar as energy source, to reach
their national climate goals and keep up with the Paris Agreement targets, currently there are no
market parties that, by entering in the global solar supply chain, could impede or counteract the
current rate of the Chinese expansion in this industry [177].
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4.10 Discussion

This section sees an overall discussion of the data-sets and the documentary analysis just drawn,
to structure the Market Dominance Assessment and outline the main results.

1. Why is the EU a net importer of c-Si panels?

The Market Dominance Assessment shows how, during 2020, European countries were able to
manufacture less than one third of the c-Si panels required for new installations. While European
manufacturing capacity was not able to satisfy domestic demand [161], on the other side, China,
in 2020, produced 120 GWp of c-Si solar panels: the production of c-Si panels in China during
recent years grew somuch that the industry suffered from overcapacity. This wide unbalance that
evolved during the last decade was amplified by the disincentive, for European solar companies,
to expand their manufacturing capacity: firstly, c-Si manufacturing facilities require extremely
high initial investments, creating barriers for companies that do not possess adequate financial
assets [135]; secondly, given the need for highly sophisticated infrastructures for the refinery of
siliconmetal and themanufacturing of solar cells andmodules, many companies, in the European
Union, have no interest in integrating the manufacturing phases in their core business. Rather
they prefer to import these products from foreign markets, assembly the final product locally, and
selling it to retailers, installation companies, or directly to final consumers, being these alternatives
more cost-effective [84].

The ability to produce solar panels grew, in China, in parallel to the silicon wafers manufacturing
facilities. USGS estimates that the siliconmetal production coming fromChina, theUS, Brazil, and
Norway, is sufficient to supply the global demand for many decades [170]. The market in China,
indeed, is oversupplied; as a result, China exports a considerable proportion of its output [182].
One of themainworldwide recipients of the Chinese siliconmetal production is actually the Euro-
pean Union, that, in turn, is a net importer of this material. Taking the absolute values of produc-
tion and consumption as benchmarks, up to 2021, the European domestic production of silicon
metal would be sufficient to satisfy the needs of the c-Si solar panels European industry [171].
However, given the vast use of silicon metal in other industrial applications (mainly, metallurgi-
cal), the European dependency on non-European countrieswill either remain steady, or rise [171].
By now, the import reliance for silicon metal in the EU is estimated at 63% [170].

Despite the over-capacities, China is planning to increase its manufacturing facilities; the country,
indeed, wants to place solar power as one of the top energy sources in the national energy mix
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[161]. While the Chinese domestic solar market has increased during recent years, consequently
causing local demand for c-Si panels and silicon metal to rise, the country is still able to export a
vast amount of solar panels, being European countries the worldwide number one importers: up
to 2021, approximately 90% of the solar c-Si cells and modules installed in the European Union
are imported from China and other Far East countries, like Mongolia [189]. The absence of a clear
regulation on international trade of solar modules, during the years when the import rates started
increasing dramatically, has enhanced the dependency of the EU on foreign cheaper options [189].

Given the vastness that solar PV manufacturing facilities, as well as the existing PV systems, have
reached, they are considered to be expensive stranded assets, which can hardly be adapted to the
production process or installation of other solar technologies. Each solar technology, in fact, has
different requirements in terms of materials, production steps, and support infrastructures. The
disposal of existing c-Si PV systems to be replaced with newer solar technologies would be too
expensive for individual countries. In addition to that, the c-Si technology is a mature technology,
with little space for further innovation, and investments in research for technological advance of
c-Si technologies are today considered as not convenient [46]. European Countries, and other
nations as well, therefore, have little space of action in this regard: as outlined in theMarket Dom-
inance Assessment, the potential for technological change of c-Si panels is too low to offer possi-
bilities in significant increase of current efficiencies [46]. Two promising alternatives to c-Si panels
imported from China, described in the Market Dominance Assessment, are already in the market
or under development, that are perovskite and thin-film technologies. However, these options are
not ready to counteract the preponderant presence of c-Si panels in the market, and cannot com-
pete with the efficiencies, costs, and production pace offered by the Chinese competitors. Also, for
what regards CdTe and CIGS panels (that is, thin-film technologies), China is already investing in
these products: standing to the ENF Solar rankings, 16 out of the 25 top companies manufacturing
thin-film panels are Chinese, followed by the United States [194]. Perovskite cells, instead, are the
main focus in the US; these cells are currently under development, but they could break in the
global solar market, should this technology be able to reach the same performances (in terms of
costs and efficiencies)when compared to c-Si panels [70]. This, added to the bottlenecks presented
by the design of the existing manufacturing and generation facilities, increases the dependency of
European countries towards their c-Si top supplier.

In the past, the European Commission tried to stop the aggressive expansion of Chinese solar pan-
els in its domestic market. To protect local companies, the Commission imposed anti-dumping
tariffs on solar panels imported from the Asian country. Nowadays, there are no additional duties
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on solar panels imported from China, a part from standard import-export tariffs, and no specific
protection measures for the domestic European solar market against China’s dominance market
share. The European institutional environment on international trade, therefore, promotes goods
exchange with foreign markets, and especially with China, through the Strategic Agenda for Co-
operation. Consequently, European parties can accede to solar panels at a price near to their pro-
duction costs.

Considering the expectations of growth in solar power capacity, and the high costs related to the
implementation of solar panels manufacturing facilities, it can be inferred that European countries
are andwill remain net-importers of c-Si solar wafers, cells, andmodules and that, at the moment,
there are no alternatives to Chinese imports [161].

2. Why does China have the lowest c-Si panels production costs worldwide?

In terms of production costs, the Member States have to face costs that are, on average, at least one
third higher with respect to their Asian competitor. From Graphs 9, 10, 11 it can be noticed that,
while countries in the EuropeanUnion started, in 2010, with different total residential, commercial,
and utility-scale installed costs, being France the country with the highest costs, up to 2019 the
amounts tend to converge to the same value [177]. National subsidy schemes and European goals,
in terms of solar deployment, indeed, developed synergies between countries, allowing for the
creation of a European solar PVs market [195]. Companies, therefore, started to align their costs
to the European standards, to remain competitive in the solar market [177].

On the other side, China has the lowest total installed costs for residential and commercial PV
systems, being second only to India for utility-scale PV systems. Considering the just outlined
favourable trade regime for exchange of goods between China and the European Union, it comes
natural that Chinese companies have an economic advantage over European competitors. This
economic advantage is enhanced by the reduced labour costs, that, together with the immense
availability of workforce, are one of the key factors that allowed Chinese companies to cut down
production costs so drastically [185].

TheMarket DominanceAssessment shows that a great contribution in the reduction of production
costs that evolved during the last decadewas also given by national incentives. The critical subsidy
scheme used by both China and the EU are FiTs. Chinese and European companies, however, saw
a different allocation of subsidies over time, especially in terms of amounts. In response to the anti-
dumping tariffs imposed by the European Commission, the Chinese central government allocated
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billions of RMB for the development of solar projects (specifically for manufacturing facilities), in
order to allow the domestic market to escalate and avoid local companies to bankrupt. These huge
rounds of national incentives have created the right conditions, for the Chinese LCOE of electricity
produced by solar, to almost reach grid-parity at the end of 2020. China, in 2021, has just entered
a free-subsidy era.

Massive subsidies, associated with low labour costs, and availability of local reserves of silicon
metal, allowed Chinese companies, since China’s break-in in the global solar market, to initiate
a process of vertical integration that included all manufacturing phases, from the silicon metal
extraction until the fabrication of c-Si solar panels. This, in turn, led to economies of scale. While
subsidies continued, and production costs kept on reducing, the degree of automation of interme-
diaries production steps, such as silicon wafers, cells, and modules assembling, started to gradu-
ally increasing. On the other side, European companies are now focused in the installation of PV
panels imported from foreign markets and in the O&M phases of existing PV systems.

These dynamics are reflected in the calculation of the HHI, outlined in section 4.3 Competition.
Remarkably, the index does not take into account data about the production of silicon metal, the
production capacities of individual countries, their solar potential, the advancement in the c-Si
technology, the production costs, the subsidies put in place, the availability of labour, neither the
trade policies of the countries analysed.

What ismore interesting and valuable, instead, are the data collected along the calculation process:
with the assumptions being made, 12 of the 25 companies selected are Chinese [9]. In addition to
that, these 12 companies alone make up for more than 50% of the global production of c-Si panels
[9]. For what regards the EU, instead, only Germany reports a significant market share (2.5%),
relatable to the company Solar World. No other European firms are included in the calculation of
the Index.

These observations, drawn from the data-sets and papers collected with the Market Dominance
Assessment, show how the European Union cannot compete with the production costs - and con-
sequently with the prices - offered by their counter market party. Member States, indeed, lack the
broader institutional context that led China to reach its current position. European companies did
receive subsidies, but in strictly lower amounts than their Asian competitors: national incentives,
in the EU, mainly created the market for solar power and, over time, kept reducing to adapt to
the changing conditions of the market and to allow a level playing field between competitors of
this industry. Chinese subsidies, instead, disrupted in the market to the point that the European
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Commission had to impose anti-dumping tariffs, considering the allocation of national incentives
against the rules of fair international trading. Labour costs, as well, are, in average, higher in the
European Union. Also, European solar companies did not reach the degree of vertical integration
that Chinese competitors, instead, accomplished, facilitated by the direct access to local reserves
of silicon metal. European solar companies, therefore, are not, up to know, in the position to com-
pete with the production costs reached by China.

3. Why European energy policies do not optimise solar power potential?

The Market Dominance Assessment shows, also, how national solar policies - and the subsidies
that came with them - influenced the patents application rate both for China and the European
Union. For what regards Member States, as shown in Graph 5, the number of patents deposited
per year grows exponentially until 2012, the peak-year, then it slightly but constantly reduces until
2020. Patents applications, following the national solar policies, significantly increases from 2007,
year in which the FiT scheme became properly effective in many European countries [2] [152]
[153] [154] [155] [156] [157] [158] [173] [160]. Lower production costs and economies of scale
promoted research in the development of the c-Si solar technology, and consequently an increase
in the number of patents deposited [90]. The peak years of patents applications (2011-2013) cor-
respond to the years in which the EU and the United States imposed anti-dumping tariffs on solar
panels that had Chinese origins, to counteract their aggressive entrance in the European market
and protect domestic companies [96]. The tariffs allowed, for a short period of time, European
patents deposits to increase [96]. However, forecasts expect patent trends in the c-Si solar tech-
nology to keep reducing in the coming years, since FiT subsidies and financial benefit coming from
the installation of new PV projects are ceasing in most EU member states [90]. On the other side,
as shown in Graph 16, the number of patents deposited per year in China exponentially grows
until 2009, the peak-year, then it reduces in the period 2010-2013. Next it rises again until 2019,
and falls down in 2020. The growth of patents deposited until 2009 can be linked to the FiT scheme
and the Township Electrification Program, which goal is to bring electricity to rural areas through
solar PV systems [183]. On contrast, the drawback on patent applications of the following years
reflect the European and American anti-dumping tariffs on Chinese solar panels imports of those
years [183]. To counteract these effects, China in 2011 started the National Patent Development
Strategy, until 2020, that guarantees financial benefits for patent-producing companies [183]. Eu-
ropean countries, altogether, as absolute values, exceed their Asian competitors; however, from
a technological content perspective, China accounts for the majority of "critical" c-Si patents. In-
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tellectual property rights in the hand of Chinese companies allow them to protect their domestic
production, and give them the exclusive commercial rights to produce the specific c-Si panels that
are nowadays more common in the market.

While trends in patents applications and allocation of national subsidies are easily relatable, what
also emerges from the Market Dominance Assessment is that the quick response of China to in-
ternational trade accidents and the consequent implementation of ad-hoc solar policies that safe-
guarded its domestic solar industry was facilitated by the high centralization of the government.
This institutional setting, combined with the vast availability of land, empowers China with better
possibilities to design large-scale solar projects, and to adapt geographical characteristics with so-
lar incentives that reflect the potential of solar power in different territorial bands. China, currently
is only using 0,46% of its territory for the production of solar energy [105]. The country, therefore,
has great potential to increase the share of solar power in its energy mix. Specifically, China aims
at reaching a solar share of 11% before the end of 2021 [106]. Incentives in the European Union,
instead, even if they partially succeeded in optimising the solar potential of individual countries
and in fostering the deployment of c-Si technologies, led to a situation where northern countries
(with the lowest solar potential, in the range of 2500 to 3000 kWh/kWp), on a daily-basis, produce
way more electricity trough solar power (namely, 198 GWh/day) than southern European coun-
tries altogether (128 GWh/day), despite the definitely higher solar power potential of the latter
area (4000 to 47000 kWh/kWp). Member States do have the potential to reach the goals, in terms
of solar deployment, set in the European Green Deal; however, the data-sets collected show that,
up to know, solar projects, on different scales, mainly followed a national-based logic, instead of
including the geo-technical characteristics of the European territory. These, indeed, could allow
for the design of interstate solar projects that aim at optimising both costs and possibilities offered
by the solar power potential of different regions.

What is the actual market dominance of China, in the c-Si solar industry, when compared to

the European Union?

Considering the current status of the global solar supply chain, and the market parties that have
a stake in it, it can be stated that China has a clear market dominance above its European com-
petitors. The EU’s dependency on Chinese c-Si panels is undeniable. In terms of manufacturing
capacity, China remains leader, with an output of c-Si solar panels 15 times higher than the Euro-
pean production rates, and the control over two thirds of the global production of silicon metal,
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facilitated by the direct access to domestic reserves; as for patents, China was able to protect those
"critical" commercial inventions that actually disrupted in the market; Chinese production costs
standards were only reached, worldwide, by India; labour availability, both low and high skilled,
is massive, and accessible through reduced prices; the solar power potential of the region is op-
timised due to the highly centralized institutions, that in turn allow for the allocation of optimal
subsidies; exports of c-Si panels to Member States is enhanced by an open trade regime, that fos-
ters goods exchange; the stranded assets along the c-Si value chain create bottlenecks for European
companies to shift their businesses towards alternative solar technologies, that, anyhow, are not
commercially ready to replace the existing c-Si PV systems; there are no counter monopolies in
the c-Si global value chain, nor new market parties entering the global solar market, that could
replace China’s dominant position with regard to silicon wafers, solar cells, and solar modules
production, able to supply the EU’s PVs demand; last, but not least, the learning curve of the c-Si
technology has reached a state ofmaturity such as tomake any technological advance insignificant
with respect to the R&D costs associated with it.

Nevertheless, the current Chinese market dominance does not preclude the European Union to
remain competitive in the solar energy industry. There exists options, for Member States, to cir-
cumvent China’s absolute predominance in the commercialization of the c-Si technology. On the
other hand, while the domestic solar industry, in China, exponentially increased during the last
decade, the European Union remains China’s number one c-Si panels importer. This means that
the two markets evolved in parallel, creating, within net unbalances in terms of import-export
rates, a situation of mutual dependency among the two competitors: Members States are depen-
dent on imports from China whose solar industry, in turn, is dependent on exports to the EU
for its business continuity, risking a massive over-supply should the rate of exports slow-down.
In addition, the Market Dominance Assessment highlights a number of measures that the Eu-
ropean Union could adopt, internally, to strengthen its international position in the global solar
industry and reach the objectives of the European Green Deal, without necessarily increasing the
local production of c-Si panels, but instead by adopting a market strategy that accepts strengths
and weaknesses of China, that reflects the actual potential of European Countries in the deploy-
ment of solar power, and that focuses on an European vision. These policy options, drawn from
the Market Dominance Assessment, together with the risks that emerge from the Chinese mar-
ket dominance at the expenses of their European competitors, are outlined more in detail in the
following chapter.
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5 Chapter 5: Risks and Policy Options for the EU in the deploy-

ment of solar energy

5.1 Risks

The increase in share of solar power in the European energy mix does not come without risks for
Member States [196]. The Market Dominance Assessment is a useful tool to evaluate where these
risks reside, in the different phases of the solar supply chain, and to address the weaknesses of the
European solar industry, with policies designed on purpose to counteract these risks and to avoid
to incur in drawbacks for European companies.

First of all, the Market Dominance Assessment shows how the European Union is a net importer
of silicon metal; more than 70% of the silicon metal used in the European Union is sourced from
Norway, France, Germany, Spain, and China. Forecasts state that worldwide facilities, as already
reported, are currently able to satisfy the global demand for silicon metals for almost a decade,
with no additional extraction sites to be opened. The industry, therefore, is in a condition of over-
supply. However, global crisis such as the economic crash caused byCOVID-19 during these recent
years, can cause the prices ofmaterials like siliconmetal to spike, due to the surcharges that parties
in the distribution network would call for. The same reasoning remains valid for the import rates
of c-Si panels, that, without policymeasures that aim at reducing the impact of price spikes caused
by international financial crisis, could become inaccessible for European companies, especially for
those of smaller sizes.

Global crisis are not the only source of risks for supply interruptions from China to the EU [196].
The potential resides also in drawbacks of the Chinese solar industry, whose roots have other na-
ture rather than a global pandemic, such as divestments or disruptions of the distribution network,
that would cause damages in the worldwide solar sector [196].

Also, governments and companies are not the only stakeholders for the business continuity of the
solar industry. As outlined in the Market Dominance Assessment, PV systems can be installed on
three main scales, that are residential, commercial, and utility-scale. Final consumers, therefore,
have a stake as well in their deployment and are somehow involved in their installation, in the case
of residential systems especially. There is the potential, therefore, to encounter the resistance from
local communities for the development of solar projects near to inhabited areas, or actions from
activism groups that oppose to solar facilities impacting the surrounding environment [196]. The
potential for such opposition must be taken into account and mitigated throughout the project
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implementation [196].

In addition to that, solar power is a renewable energy source, and it is, by nature, intermittent,
since its power output depends on weather conditions. Electricity, instead, is needed at each time
of the day, especially for those activities that are critical in a society, such as hospitals. Solar, in line
with the EuropeanGreenDeal goals, is becoming a large part of these critical infrastructures [196].
To ensure constant energy supply, solar energy needs to be supported by adequate storage sys-
tems, that, up to now, are still lacking, mainly due to their high prices [196]. If the EuropeanUnion
wants to phase-out energy generated from fossil-fuels, and switch towards sustainable and renew-
able modes of energy production, energy infrastructures need to be updated to the requirements
imposed by intermittent energy sources, such as solar and wind.

In addition to that, as outlined in the Literature Review, one main expectation, with the deploy-
ment of RES, is electrification, in the broader sense of the term. This means that utilities that are
now powered through fossil-fuels, in the near future, will be replaced or upgraded to electric-
based technologies. Therefore, the European Union has to be able to reinforce its electricity grids,
where needed. Considering that the global energy infrastructure is one of the most expensive
worldwide infrastructure, Member States need to include, in their Energy Transition budgets,
these aspects, strictly linked with the deployment of renewable energy sources.

While these considerations, drawn from the analysis set in the Market Dominance Assessment,
now represent risks for the European solar industry, when accompanied by favourable policies,
and addressed in advance, they can transform in opportunities for jobs creation, new business
models, and the deployment of alternative solar energy technologies, with respect to Chinese c-Si
panels. The next chapter outlines how the Risk Analysis just developed from the Market Domi-
nance Assessment, in turn, developed through the application of the Analytical Framework struc-
tured in the previous chapters, represents an useful tool to derive concrete policy options that,
while circumventing the current market dominance of China, can foster the deployment of solar
energy throughout Member States.
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5.2 Policy Options

The European Union has high potential to expand its solar industry and foster green jobs cre-
ation [161]. A favourable institutional setting, through the Recovery Plan, has been established,
and it only needs European solar companies to invest in the right directions [161]. From the out-
puts collected with the development of the Market Dominance Assessment, the opportunities
offered by European future solar policies, and the Risks Analysis drawn in the previous chapter, I
derived a series of policy options that can encourage the deployment of solar power facilities in the
coming years, while tackling the weaknesses of the current design of the European solar supply
chain.

1. Enhance European solar projects

As outlined in the Market Dominance Assessment, the solar power potential of the European
territory is not currently exploited at its best. Past and current European solar subsidy-schemes,
indeed, are designed to optimise the deployment of solar energy through what policy makers
have decreed to be the most cost-efficient methodology on a national basis. Member States lack
the installation of solar projects that go beyond national borders, and whose design reflects the
geo-technical characteristics of the territory with an international vision. RES, instead, are, by
nature, strictly dependent on weather conditions, and are able to deliver their optimal output
only with specific geographical conditions; solar power makes no exception. Including the overall
European territory in the design of international solar projects can also offer possibilities to cut
down the total investments required for their installation, and to split costs among those Member
States that are involved in the project implementation.

These international projects could also be able to include in the deployment of solar power those
countries that are behind in reaching their future RES goals, because they lack the financial avail-
ability to foster renewable energy sources, or because they find it more convenient to remain fossil-
fuels sourced. While splitting the costs of these projects among Member States would be a com-
plex process that sees a multiplicity of stakeholders - as learned from the endless negotiations,
still on course, regarding the North Sea Wind Power Hub project -, the benefits, in terms of finan-
cial savings and optimisation of power outputs, surpass the complications that can derive from
international cooperation among countries.

Also, international solar projects have the potential to create new green energy jobs. As outlined
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in the presentation of the variables that compose the Analytical Framework, the IRENA makes a
clear distinction between direct and indirect jobs. Direct jobs created through the implementation
of European solar projects would be of three main types: jobs related to the installation of the PV
system, jobs linked with its O&M, and high-skilled employment, needed for the technical design
of the solar powered system. Indirect jobs would be connected with all of the personnel needed
to define the institutional and economic setting where the project would take place. Solar, on the
other side, as outlined in the Market Dominance Assessment, is, among all types of renewable
energy sources, the most jobs-creating technology. The creation of new jobs, also, must come with
the European Energy Transition: considering that the European Union aims at becoming the first
climate-neutral continent before 2050, people nowadays employed in the oil and fossil fuel indus-
try need to be relocated towards other renewable industrial sectors. International solar projects
have the potential to concur in filling this gap.

2. Foster the development of high-skilled workforce

The design of international solar energy projects, as above outlined, requires the contribution,
especially during the engineering phases of the projects, of highly skilled workforce. The latter,
however, as reported in the Market Dominance Assessment, is currently not sufficiently available
in the European Union. The European Union, therefore, should work on filling this gap, with
specific programs that aim at developing the knowledge required to accomplish these tasks.

Also, as stated in the Risk Analysis, the increasing electrification of the energy systems will have
to be supported with adequate storage systems. This opens the opportunity, for the European
Union, to become leader in the R&D and in the commercialization of these technologies. As for
PV systems, the design, implementation, andO&Mof these storage systems are able to create new
green employment and call for specialized employees able to manage the correct functioning of
the utilities.

Highly-skilled workforce cannot only contribute to the implementation of solar Energy projects,
but also on the technological advance of other types of solar technologies, that better adapt to the
local geo-technical characteristics of European countries, or that as well use other types of raw
materials and / or manufacturing processes, therefore reducing the dependency of the European
Union towards Chinese c-Si panels imports.
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3. Create a European electricity market

The Market Dominance Assessment shows that there is an unbalance of electricity generated
through solar powerwithin different European regions. Northern countries, indeed, while having
a lower practical solar power potential, produce, on a daily basis, 80 GWhmore than the southern
region.

A European electricity market could lower the unbalances within European countries. As ex-
plained in Policy Option 1, the design of international RES projects allows for both the optimisa-
tion of costs and the maximisation of output power. In addition to that, the implementation of
an European electricity market has the potential to redistribute the electricity generated through
renewable energy sources, at different times of the day, in the areas where it is more needed. Solar
power and wind power are seen as the top renewable energy sources that will allow the European
Union to reach its climate goals. Implementing international wind projects in northern parts of the
EU, and international solar projects in the south, where the potential of the respective technologies
is higher, means that, on an European scale, the electricity produced through these technologies
would be optimised from both an economic and a technical perspective. The European electric-
ity market would not only enhance the optimal use of the existing electrical grid, but also call for
new market parties to access it and for new business models to emerge. A major electrification,
as above outlined, requires the reinforcement of the grid, and higher maintenance of the power
utilities, that, in turn, creates the opportunities for employment in the PV industry.

As remarked in the Market Dominance Assessment, lessons from China show that highly central-
ized governments can, within certain terms, better manage some parts of the industry. While this
type of institutional setting cannot fit with the European Union, still the creation of an electricity
market directly regulated from European institutions can facilitate the implementation of ad-hoc
subsidies that foster the deployment of solar energy on a European level.

4. Facilitate bottom-up initiatives

From the Risk Analysis, it emerges how final consumers have a stake in determining the rate of
deployment of solar energy technologies. The European Union, to counteract the risk of incurring
into social resistance for the implementation of solar PV systems, should allow the same electricity
final consumers to get access in the decision-making process that leads to the development of solar
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energy policies.

Including thesemarket parties in the discussion facilitates the creation of policies that better reflect
the needs and expectations of European citizens towards solar energy. At the same time, it allows
for concrete bottom-up initiatives to emerge, such as solar energy communities, and to spread
throughout Member States. As outlined in the European Green Deal, indeed, the Energy Transi-
tion that the EU wants to accomplish should be a just transition, that includes the population as
well. On the other side, European citizens are the ones that will benefit from the implementation
of the steps declined in the European Green Deal, when applied to their fullest potential.

From an economic and technical perspective, also, these initiatives have the potential to unleash
the true opportunities offered by solar power, since they are able to highlight specific local appli-
cations of this technology that national policies usually do not cover. Depending on factors such
as solar radiation, slope, land use, urban extent, population distribution, and proximity to the
power grid, these initiatives can call for the implementation of alternative solar technologies with
respect to Chinese c-Si panels. Therefore, they can ask for new business models that reflect the
characteristics of these alternatives, and create the opportunity for new green employment.
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6 Conclusion

This research has analysed, through the application of a novel Analytical Framework, the actual
market dominance of China, with respect to the European Union, in the c-Si solar panels industry.

The research starts with Documentary Analysis, and it sets an overview of the evolution of the
global solar industry over the last decade, until its current design. This section gives insights on
the global solar supply chain structure, on the production process of a c-Si cell, and on the in-
fluence of national subsidies in the deployment of solar energy over time. Main takeaways are
that the solar energy market was initiated by the implementation of Feed in Tariffs; that the so-
lar supply chain can be seen as a pyramid, where a handful of companies control the production
of silicon wafers, solar cells, and solar panels, while they peak in number in the O&M and in-
stallation phases; and that Chinese solar companies, opposed to the European competitors, were
able to vertically integrate all the different phases of the solar value chain, with the exception of
the installation and O&M phases, that happen locally. Next, is the literature review. Following,
with the knowledge collected from the two first steps, the novel Analytical Framework is drawn.
The Analytical Framework is a powerful tool that supports the Market Dominance Assessment of
China above the European Union in the c-Si solar industry. The Analytical Framework consists
of a set of variables, divided into static and dynamic, that represent all the significant factors that
influence the dynamics of the c-Si solar market.

Namely, static variables are: production capacity, access to silicon metal reserves, patents appli-
cation, labour costs and availability, national subsidies, production costs, and solar power poten-
tial. Instead, dynamic variables are: the degree of competition in the solar panels industry, the
availability of alternative solar technologies - with respect to Chinese c-Si panels - available in the
market, the c-Si rate of technological change, the trade regimes among the two market parties, the
potential for reputation damage, should China exert its dominance through unfair market strate-
gies, and the potential for new market parties to enter the solar PV market, causing the Chinese
presence to slow-down.

The literature review allows for the identification of three main knowledge gaps, that were ad-
dressed throughout the development of the Thesis. Firstly, the main takeaway from the overview
about geopolitics of renewables is represented by the lack of distinction among different renew-
able energy technologies, when evaluating their impact on interstate relations. This research fills
this gap by focusing on the geopolitical implications that could emerge from the deployment of
solar power. Specifically, this thesis turns around twomarket parties, that are the European Union
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and China. A concrete case-study, therefore, is the center of the research. This concur in address-
ing the third knowledge gap identified with the literature review, that is the absence of papers
that, while analysing the dynamics that led to damages in the trade regimes among two or more
countries, leave out of discussion the broader socio-institutional context that led these accidents
to happen. This same reasoning applies to framework whose aim is to calculate the concentration
of competition in an industrial sector. The research, instead, by including in the Market Domi-
nance Assessment all the significant variables that influence the market dynamics of solar power,
oversteps the limits imposed by mathematical formulas applied to a complex context such as in-
ternational markets.

Next, is the overview of European and Chinese future policies with regard to energy. While the
EU has set policies on a double level, that are European and national, China, being an highly cen-
tralized government, recaps future directions of the solar PV in its 14th FYP. Both realities, in the
near future, aim, with different shares, at reducing their GHG emissions, especially those related
to the modes of energy production, by fostering the deployment of solar power. The European
Union, in particular, has recently approved the Recovery Plan, an unprecedented investment plan
that aims at speed up the achievement of the goals set in the European Green Deal in terms of RES
- and solar - generation capacity.

Following, is theMarketDominanceAssessment, that applies theAnalytical Framework to the EU-
China case-study. Three are the main takeaways that can be drawn from the Market Dominance
Assessment. First, China, technically, controls over 80% of the worldwide c-Si solar market; each
variable of the Analytical Framework confirms the predominance of Chinese companies along
the global solar supply chain, creating a situation where European parties cannot have access to
those resources that allowed China to reach its current status. Secondly, the European Union is
dependent on imports of Chinese c-Si panels, at the point that 90% of the current PV installations
in the European territory come from China and few other Asian countries; at the same time, the
EU is China’s number one trading partner. C-si panels trading, therefore, over years, created a
situation of mutual dependency among the two market parties, where the EU is dependent of
Chinese export rates, while China, to avoid over-supply, is dependent on European import rates.
Thirdly, the best market strategy that Member States can apply is to accept and recognize the
market dominance of China, and work to strengthen the domestic solar industry by tackling local
weaknesses. As outlined in the policy options, the European Union, on my advice, should work,
in the first place, towards the implementation of a European electricity market.
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In conclusion, the European Union, therefore, remains highly dependent on Chinese c-Si panels,
and this dependency is expected to rise in the coming years, due to future European plans to foster
solar energy. Anyhow, with the right policies and an adequate degree of investments in the solar
industry, European countries will easily be able to reach the goals set in the European Green Deal.

Possibilities for further research

In terms of possibilities for further research, it would be interesting to apply the Analytical Frame-
work to other case-studies, such as the relations between India and the United States, or to other
RES technologies, like wind power. At the same time, the Analytical Framework could be im-
proved, by including in the Market Dominance Assessment other variables not considered for the
purpose of this research. Also, to have a more comprehensive overview of a specific RES tech-
nology, it would be appropriate to include also complementary components, such as storage and
electrical components such as cables and wires.
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Annex

Annex A: Planning
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Annex B: EU Subsidies for Solar Power
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Annex C: Solar Power Potential
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