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Abstract: Several countries are focusing their efforts on diversifying electricity generation to pro-
mote the transition towards a sustainable low-carbon energy system through the strategic develop-
ment of the value chains related to renewable energy industries. In this way, the development of a
national industry that helps to ensure a clean and affordable electricity supply and that also gener-
ates important socio-economic benefits, has gained relevance worldwide. This article proposes a
methodology and economic model that considers technological progress and economies of scale to
analyze a potential upstream development and integration of the value chain of the photovoltaic
industry in Mexico. The results show that the upstream development of a national photovoltaic
industry is financially viable and sustainable, and with which the national demand for photovoltaic
technology could be satisfied by 76% and imports reduced by 47%, both compared to a reference
scenario. This enables the generation of more than 447,000 jobs and an added value of more than
12,000 M USD. This would increase the national value content to 89% by 2040 and contribute to the
national goal of generating 35% of its electricity through clean energy technologies, fulfilling the
commitment established in its nationally determined contributions. Furthermore, it would enable
the transition towards a sustainable energy future in Mexico.

Keywords: PV industry; Mexico; value chain; development model; socio-economic benefits; GHG
mitigation

1. Introduction

A value chain integrates all the activities that are required to produce goods, from
their conception and production (involving both the physical transformation and the ser-
vices used) to their consumption and final disposal [1,2]. The linkage between these ac-
tivities can vary in number and degree of sophistication according to the degree of trans-
formation required by the goods, adding value as each of the stages progresses [3]. How-
ever, this concept only involves the direct participants of the value chain and focuses on
seeking the improvement of the products and processes used to compete successfully in
markets [4-6]. This fails to consider those other benefits that can favor the fulfillment of
social, economic and environmental objectives, offering a more effective and sustainable
way to create wealth, jobs and prosperity [7,8]. By considering these benefits, the partici-
pation of the government in the development of value chains is facilitated, turning it into
an engine for innovation, investment and economic growth, through the creation or con-
solidation of new sectors, which promote the diversification of the productive structure,
especially those of a strategic nature, depending on national priorities [9]. This can be
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achieved through policies and initiatives that facilitate or regulate the development of na-
tional industries and products, such as specific programs for the creation of industries
considered strategic for national development; direct support for the creation and im-
provement of physical infrastructure and social infrastructure (institutions); the develop-
ment of national technological capacity; commercial and competition policies; and pro-
grams to support labor-intensive industries [10-12]. Likewise, the government can con-
tribute to the development of new industries of strategic nature by participating within
the value chain as a producer, through government-owned companies that compete for a
market share or as a buyer, through public tenders or direct assignments, which may be
determined by particular or strategic requirements for the government, such as economic,
social or environmental [13]. Related to the above, research on value chains has evolved
towards a broader understanding, by including the potential of the government to adapt
industrial development policies and direct them towards a structural transformation that
provides a sustainable and low-carbon economy [14-16], or the promotion of innovation,
knowledge dissemination and adaptation to the Fourth Industrial Revolution [17-19],
thereby creating a new basis for incorporating development objectives more systemati-
cally into value chain interventions. This is especially true in developing countries, where
taking industrial policy as the basis for interventions to support the development of value
chains has the potential to make them more effective in terms of improving added eco-
nomic value and social benefits [13]. An example of the above are the industries related to
technologies for the use of renewable energies, which have the capacity to offer broad
socioeconomic benefits [20-22], especially the photovoltaic (PV) industry, which enjoys a
constantly expanding market mainly thanks to price reductions derived from technologi-
cal innovation [23-25] and to the minimization of capital costs [26]. This is the main reason
why most of the energy systems transition scenarios around the world show that PV tech-
nology will be one of the main pillars of energy supply in the future [23-25]. However, in
addition to the socioeconomic benefits that these technologies can generate, several coun-
tries, such as the United States of America [27], China [28], Japan [29] or those belonging
to the European Union [30], are increasingly focusing their efforts on diversifying electric-
ity generation, using, among others, PV technology, with the aim of achieving energy se-
curity [31]. This is mainly due to geopolitical risks caused by the limited availability of
cheap fossil resources that can meet the growing demand and guarantee access to energy
services in a reliable and affordable way. In addition to the fact that this energy security
strategy is based on the use of renewable resources, it seeks to reduce greenhouse gas
emissions and decarbonize energy use; thus trying to ensure that energy security objec-
tives are consistent with the objectives of environmental protection and of sustainable de-
velopment [32-34]. Therefore, the development of a national PV industry that helps to
ensure a supply of clean and affordable electricity and that also generates positive socio-
economic effects has great relevance worldwide [24,35,36].

From this perspective, the development of the value chains of the renewable energy
industries, including photovoltaics, seems to take a “strategic” approach, especially when
it comes to ensuring the supply of critical raw materials or essential material resources for
these industries, that are economically important for the manufacture of the technologies
involved in the decarbonization of the power sector [37,38]. This is even more so the case
for those developing countries with abundant renewable resources and endowed with
these critical raw materials, [39,40] which gives them a leading role in the energy transi-
tion and the fight against climate change [28,41], while allowing them to improve their
energy security [37,38]. The latter is relevant, since even though renewable resources are
not subject to the same degree of geopolitical influences as fossil fuels [42], the massive
deployment of renewable energy technologies in developing countries seeking an energy
transition could pose a potential risk to their energy security, if there is an interruption in
the supply of these critical raw materials, which could lead to a high level of uncertainty
and a high price increase [40].
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In this sense, the PV industry has already offered a good example of these risks dur-
ing the 2000s, when it suffered a shortage of its main raw material, polysilicon (Poly-5i),
as a result of the high demand for PV technology, making it a critical material for this
industry and causing its price to increase up to 1200% in a period of three years [43]. At
present, these risks increase when we learn about the current regional concentration of
Poly-5i and the oligopolistic structure of the manufacture of this material and its market,
which has China as its main actor [44].

In the national context, Mexico is a country with a declining oil production, with
proven and limited reserves for only nine years at the current rate of consumption [45],
which puts its energy security at risk [46,47].

Therefore, the development and integration of a national PV industry that promotes
the diversification of the energy matrix through the use of the abundant solar resource
that the country has, using PV technology to improve the availability and accessibility of
energy, promoting the transition towards a low-carbon energy system while promoting
economic growth and ensuring access to inputs and critical components for this industry,
seems to be essential to contribute to national energy security and the fight against climate
change.

Faced with this problem, the contribution of this article is to propose a methodology
and an economic model that integrates technological progress and economies of scale, to
evaluate a financially sustainable development and integration of the upstream value
chain of the PV industry in Mexico (VCPVIM). For this purpose, the methodology and
economic model are presented highlighting the joint impact of technological progress and
economies of scale in the costs reduction of the PV industry value chain; at the end of
Section 3, we show that several works present similar or conventional methodologies and
models, but do not consider or represent both factors that impact the manufacturing cost
of a PV device, in our case, technological progress and economies of scale. In this article,
it is also shown that with the proposed methodology and economic model, a gradual de-
velopment of the upstream VCPVIM is obtained that progressively contributes to meeting
the future PV demand for electricity generation in Mexico, and sets up the generation of
important socioeconomic benefits, collaborating to improve national energy security and
the transition towards a sustainable energy future in Mexico.

2. Energy Security and the PV Industry

Energy security is one of the main objectives to be achieved in several countries
around the world, and which, together with sustainability, constitute the pillars of any
present energy policy. However, to achieve them it is essential to provide access to ade-
quate, reliable and affordable energy supplies that keep economies running and increase
the well-being of the population, increasing the challenge. Therefore, a clear conceptual-
ization of energy security is essential. However, its meaning can be broad and may differ
according to individual and geopolitical perspectives in which it occurs. According to [48-
50], energy security has predominantly meant the production, trade and access to fossil
energy resources, in an uninterrupted manner, that satisfies the demand for these re-
sources in a reliable, affordable and resilient way to price volatility; elements that have
been considered essential for the functioning of economies and human systems. However,
over time, this definition has been supplemented by adding characteristics that involve
economic development and its balance with the environment and sustainability, linking
them with obtaining socio-economic benefits. In line with this, [51-53] state that energy
security is made up of: the availability and accessibility of energy supply sources; diver-
sification of energy sources; the resilience of supply chains to disruptions; the affordability
of acquiring resources and the development of energy infrastructure; integration into sta-
ble global markets and access to information on markets and prospects; and environmen-
tal sustainability that implies the use of energy resources to meet the needs of the present
in an environmentally responsible way without compromising the ability of future gen-
erations to meet their own needs. However, despite the multiple definitions that can be
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given to energy security, dependence on a small group of energy sources increases the
potential for economic and social disruption, and more if the countries that produce and
export them limit or manipulate the supply of these energy sources. In addition, when
access is not limited, fluctuations in the prices of these fossil resources can generate un-
certainty in the markets that depend on these resources. Even without considering the
effects of price volatility, economies that depend on a limited portfolio of fossil energy
resources have less energy security, compared to those that enjoy an abundance of these
energy resources [42]. Faced with this situation, the diversification of electricity genera-
tion is an area in which several countries are increasingly focusing to improve their na-
tional energy security [30,33,34], driven primarily by increased demand for electricity and
the need to reduce greenhouse gas (GHG) emissions. Therefore, the use of renewable en-
ergies has been proposed as a means to diversify the energy matrix for the generation of
electricity [54,55], as a way to improve energy security. The principles behind these rec-
ommendations are that renewable energy sources are generated locally, have low operat-
ing costs and in the case of solar energy, as well as for other renewable energy sources,
the marginal cost of the energy resource is equal to or close to zero [24,56,57]. In this way,
the cost of renewable energy depends mainly on capital and installation costs, since its
fixed and variable operating costs are low or non-existent [26,35]. Therefore, it can be as-
sumed that renewable resources are not subject to the same degree of cost variations due
to geopolitical influences as fossil fuels are [42], and can lead to the conclusion that renew-
able energy sources have a low risk for energy security. However, this may not be valid
during all stages of its development, particularly during its expansion [58]. Globalization
and protection of the upstream value chain, factors identified for fossil energy sources,
can also be applied to technologies that take advantage of renewable energy sources. In
other words, politics and markets cannot disturb solar energy, unlike the supply of natu-
ral gas or oil and its derivatives. However, as seen in the previous section, the use of solar
energy requires the use of PV technology which totally depends on access to Poly-5i,
which, being present in each of the steps of the chain of rising value of the PV industry,
makes it a critical material for this industry [40]. Furthermore, its cost depends on global
supply chains, which can take actions that, directly or indirectly, influence global access
to this material, since its production is concentrated in a small number of countries, pre-
dominantly China, as shown in Table 1.

Table 1. Main Poly-Si producers in 2019.

No. Company Country Production Capacity (tons)
1 Tongwei China 96,000
2 GCL-Poly Energy China 88,000
3 Wacker Chemie Germany 81,000
4 Xinte Energy China 80,000
5 Daqo Group China 80,000
6 East Hope New Energy China 80,000
7 OClI South Korea 36,500
8 Hemlock USA 36,000
9 Asia Silicon China 20,000
10 REC Silicon Norway 20,000
11 Dunan PV Techonolgy China 10,000
12 Otras Others 70,000

Source: [44].
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Therefore, Poly-Si and the value chain of the PV industry could be considered as
“strategic” for national energy security, especially if it is treated from the perspective of
the regional concentration of resources and the implications of their geopolitical manage-
ment [37]; such was the case more than a decade ago in this industry and is currently
happening with lithium in some Latin American countries [39].

As with fossil resources, this concentration of critical materials for renewable indus-
tries may be beneficial for some countries, but not for those countries that, despite having
abundant renewable resources, do not have guaranteed massive access to the technologies
they take advantage of these resources for the generation of electricity, resulting in a po-
tential risk to its energy security as there is very low or no availability of these critical
materials.

As the PV industry has become competitive by massively deploying one of the
world's leading energy transition technologies, several governments have taken action
and worked to substantially promote the national development of this industry [59,60]
through the implementation of green industrial policies, which aim to increase the com-
petitiveness of renewable energy sources against fossil fuels and promote sectoral growth
policies to develop the ascending value chain of the PV industry at the national level
[61,62], through local content requirements [63] and national incentives such as preferen-
tial access to financing [64].

At the national level for Mexico, energy security is also an issue of vital importance,
viewing it as one of the three elements necessary to achieve a comprehensive energy sys-
tem, and considering it as the ability to maintain an energy surplus that provides the cer-
tainty to continue with the development of productive activities [65]. However, Mexico
has ceased to be a net energy exporter country, losing self-sufficiency. The national energy
independence indicator decreased more than 50% in 15 years, going from a level of above
1.4 in 2003 to 0.7 in 2018 [46,47]. Therefore, the country must generate alternatives that
improve national energy security. In this sense, at the government level, they have pro-
posed, among other activities, to expand the participation of clean energies and optimize
the operation and expansion of the related infrastructure; also to strengthen support ac-
tivities, the generation of knowledge, training, financing and the supply of primary inputs
for value chains [66,67].

Considering the above, an important motivation of this article was to analyze the
viability of developing and locally integrating the upstream value chain of the PV indus-
try in Mexico, which can improve the availability and accessibility of PV technology, en-
suring access to the inputs and key components of this industry, providing affordability
of resources and thus contributing to the improvement of national energy security, mak-
ing it a strategic industry for the country.

3. PV Industry Value Chain Development in Mexico

As mentioned, a value chain comprises a series of activities and processes necessary
for the elaboration of a product that satisfies a specific need. Based on this concept, it can
be said that the value chain of the PV industry is responsible for satisfying the need for
electricity generation by manufacturing, installing, and operating the technology that
transforms solar radiation into electrical energy. Typically, this value chain can be divided
into two sections (Figure 1): upstream, which includes all those activities that involve a
process of transformation of raw materials and manufacturing; and downstream, which
includes all the activities necessary for the installation and operation of a PV system, until
its final disposal [35,68,69].
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Figure 1. Activities of the PV industry value chain. Source: own elaboration.

On the upstream side, the activities of this value chain begin with the elaboration of
metal grade silicon (MG-Si) through carbothermic reduction of SiO: [70-72], followed by
the elaboration of polysilicon 9N (Poly-Si) or solar grade silicon after the purification of
MG-Si by chemical vapor deposition (CVD), known as the Siemens process [73,74] (the
“grade” of Poly-5i is specifically related to its degree of purity, being 99.999999999% pure
(9N) for solar applications and 99.99999999999 (11N) for electronic applications, specifi-
cally for the development of integrated circuits and microprocessors). Subsequently, Poly-
Si ingots are manufactured through the Czochralski (Cz) method, where a pure silicon
seed crystal is immersed in a crucible containing molten Poly-Si and subsequently ex-
tracted by slowly rotating it, finally creating a rod ingot, which is cut into square wafers
of 244 cm? (Ingot link) [73,74]. This is followed by the manufacture of PV cells (CFV),
where the upper part of the wafer is textured and coated with an anti-reflective layer to
improve light capture while a dielectric passivation layer is added to the lower part to
produce additional electrical current and increase the cell's ability to capture sunlight, as
well as prevent overheating. Next, silver paste contacts and a layer of aluminum paste are
added to the top and rear of the cell, respectively, to convert the wafer into a functional
CFV [73,75]. Finally, the assembly of the PV modules (MFV) is carried out, where the CFVs
are interconnected in a matrix of 60 or 72 cells, encapsulated between a glass sheet and
sheets of thermoplastic encapsulants, and wrapped in an aluminum frame; lastly, the ter-
minals of the CFV matrix are connected to a junction-box to have an MFV capable of gen-
erating electricity [73].

In general terms, the upstream value chain of the PV industry worldwide has contin-
ued to develop, thanks to the momentum generated by new policies that promote the
incorporation of renewable energies into the energy matrix to mitigate climate change
[24,30]. In this way, PV technology has been consolidating itself as the leading technology
in electricity generation, passing the barrier of 100 GW of new PV installations intercon-
nected and not connected to the grid in 2018. Worldwide, the accumulated installed ca-
pacity reached 627 GW in 2019, meaning an increase of 22% in respect to the installed
capacity in 2018 [76]. Said growth derives from the rise of the markets of emerging coun-
tries such as India and Mexico, which added 10.8 GW and 3.6 GW, respectively, and the
small, but continuous increases in Europe (8.4 GW) and China (44.3 GW), despite the
slowdown in their PV market [77,78]. However, the growth of the global PV market con-
tinues to be driven by a limited number of countries [76,79] as new markets begin to
emerge, where distributed generation (DG) has been central to this change. For example,
in Australia, one in five households generated part of their electricity with solar energy
and it is estimated that DG in this country increased by 22% in 2018 [80]. In India, PV
energy grew by 60% during the same year [81], while in Latin America, DG has begun to
experience significant growth, particularly in Brazil, where accumulated distributed ca-
pacity exceeded 0.5 GW in 2018. By the end of 2018, at least 32 countries already had a
cumulative national installed capacity of 1 GW or more [76]. However, for most countries,
there is still a need for support schemes for PV solar energy, as well as regulatory frame-
works and promotion policies [79,82].



Energies 2023, 16, 2072

7 of 28

In summary, and in line with the current trend, the use of photovoltaic solar energy
is expected to continue to be the protagonist of the global energy transition, led by expec-
tations of further price and cost reductions in the near future [69].

Regarding Mexico, the development and research of the PV industry had its begin-
nings in the 70s when, as a result of the oil crisis, the Center for Research and Advanced
Studies (CINVESTAY, for its acronym in Spanish) obtained financing to build a plant for
the manufacture of CFV and MFV. However, as a consequence of the economic crisis in
1982, the plant closed its operations and in this way the country canceled its participation
in the ascending value chain of the PV industry [83]. This situation continued for more
than 15 years, until 2003, when a plant for the assembly of MFV was installed again in the
country [84]. Currently, Mexico only participates within the last link of the ascending part
of the value chain of the PV industry, with a total of nine companies that are dedicated to
the assembly of MFV that together have an installed production capacity of almost 1.18
GW (Table 2).

Table 2. PV module assembly companies in Mexico in 2018.

No. Company Mexican State Production Capacity (MW)

1 TUSASOL Estado de México 500
2 ERDM Solar Veracruz 200
3 Solarever Hidalgo 100
4 Xtender Solar Baja California 150
5 SAYA Aguascalientes 100
6 Solartec Guanajuato 100
7 Solarsol Yucatan 20
8 Solarvatio Oaxaca 6

9 Sydemex Solar Colima 6

Source: [85,86].

On the other hand, when PV technology was identified as part of a social policy in
the 1980s, the downstream side of the PV industry continued to develop in Mexico over
three decades, increasing the participation of PV technology in the country [87-89]. In
2013, based on the constitutional reform implemented on the Mexican energy sector, in
addition to the social niche, initiatives were developed that led to an opening of the power
sector and the creation of a power market, giving the private sector the opportunity to
participate in power generation and in such a market. This energy policy sought, through
efficient energy and economic diversification, to attract investments to the national power
sector, promoting openness and commercial competitiveness with the outside [66]. This
resulted in that, in recent years, the demand of the PV industry notably increased, rising
from an installed capacity of 66 MW in 2013 (before reform) to more than 6000 MW today
(after reform), which notably developed this part of the value chain in Mexico.

By the end of 2021, Mexico had 93 PV power plants (Table 3), and 270,506 PV solar
roofs installed throughout the country; together this adds up to an accumulated installed
capacity of 8062 MW, meaning direct investments of 8550 million dollars and the genera-
tion of more than 64,000 jobs [90,91]. In terms of power generation, said installed capacity
is equivalent to 20,589 GWHh, representing 6.4% of total power generation of the country.
This has contributed, together with other clean energy technologies, to the power sector
emissions reduction. As shown in Figure 2, the total emissions from the power sector have
decreased steadily since 2016, lowering from 172 MtCOze to 139 MtCOze by 2021. This was
mainly due to the displacement of carbo electric and thermal power plants [92,93].



Energies 2023, 16, 2072

8 of 28

200 7
180 "
160
140 5

& 120 4

Q 100 -3

= 80 3

60 2
40 .
20

0 . H .

2012 2013 2014 2015 2016 2017 2018 2019 2020 2021

i Carboelectric Combined Heat&Power

Combustion Engine B Thermal

mm Gas Turbine ——Solar PV share

Figure 2. Evolution of PV solar energy share in the generation matrix and of GHG emissions by type
of technology, 2012 — 2021. Source: own elaboration with information from [92,93].

According to [91], it is estimated that distributed generation (DG) could increase its
installed capacity at an average annual rate of 17%, while [94] estimates that power gen-
eration can increase at an average annual rate of 3.4%. Under these conditions, it is pro-
jected that PV power generation could increase its share to 8.4% (considering centralized
and distributed generation). This can significantly contribute to Mexico’s goal of generat-
ing 35% of its electricity through clean energy technologies, and fulfilling the commitment
established in its nationally determined contributions.

The foregoing demonstrates that both the generation of socioeconomic benefits and
the fulfillment of national goals regarding climate change have the potential to become
important drivers for the development of an integrated value chain of the national photo-
voltaic industry. This is also considering that Mexico has a solid and resilient national
supply chain for the development of critical infrastructure for this industry, highlighting
the importance of further analysis.

Table 3. PV generation power plants in Mexico, 2021.

Installed Capacity (MW) PV Plants (#) PV Generation (GWh)
Mexican State Centralized Distributed Centralized Distributed Centralized Distributed
Generation  Generation  Generation  Generation  Generation Generation
Aguascalientes 915 62 8 6467 2590 117
Baja California 46 64 2 10,388 130 112
Baja California Sur 56 21 3 1632 159 38
Campeche 0 12 0 1515 0 18
Chiapas 0 13 0 1637 0 21
Chihuahua 622 136 16 21,062 1761 252
Ciudad de México 2 103 1 13,967 6 176
Coahuila 842 85 5 10,960 2384 147
Colima 0 36 0 6451 0 60
Durango 303 36 15 4106 858 66
Estado de México 19 120 2 10,143 54 202
Guanajuato 314 118 5 12,880 889 220
Guerrero 0 18 0 2432 0 31
Hidalgo 118 15 2 1399 334 26
Jalisco 128 308 4 49,949 362 557
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Michoacan
Morelos
Nayarit

Nuevo Ledén
Oaxaca
Puebla

Queretaro

Quintana Roo

San Luis Potosi
Sinaloa
Sonora
Tabasco

Tamaulipas

Tlaxcala
Veracruz
Yucatan
Zacatecas
Total

0 90 0 13,574 0 152
0 32 0 5301 0 58
0 38 0 5626 0 66
30 218 1 29,177 85 351
0 14 0 1635 0 22
221 36 1 4615 626 62
1 40 1 6676 3 74
2 28 2 3969 6 44
564 39 4 5653 1597 69
0 59 0 4122 0 103
1231 84 15 8998 3485 151
0 13 0 1529 0 20
0 34 0 3448 0 54
220 3 1 280 623 6
0 51 0 6502 0 75
52 87 2 12,458 147 131
345 17 3 1955 977 32
6031 2031 93 270,506 17,076 3513

Source: own elaboration with information from [90,91].

In this sense, the development of a photovoltaic industry in Mexico and its respective
value chain, has been evaluated in various studies; considering the upstream and down-
stream value chain together [95-97]; or separately, the upstream side [98] and the down-
stream side [99]. However, none of the aforementioned studies jointly evaluate the devel-
opment and integration of the value chain of the PV industry in Mexico, and the potential
socioeconomic benefits derived from it. For example, those studies that evaluate both
sides of the value chain do not broadly show the economic benefits derived from the de-
velopment of the PV industry The study that considers only the upstream side, assesses
the competitiveness of the integration of a national upstream value chain based on a tariff
scenario, but not the socioeconomic benefits of such integration; while the study that con-
siders only the downstream side, assesses the socioeconomic and macroeconomic benefits
based on a scenario of increased capacity of installed PV electricity generation, but does
not consider the development and integration of the value chain of the PV industry within
the country. In summary, none of the reviewed studies extensively evaluate an upward
integration of the value chain of the PV industry in Mexico. In this sense, and given the
current situation of the PV industry in the world, in which other countries analyze the
upward integration of the value chain of this industry [41,61,100], this article proposes a
technical-financial model that considers technological progress and economies of scale to
analyze, from a broader perspective, the development and integration of an ascending
VCPVIM; determining manufacturing costs, sales prices, national content, the associated
potential socioeconomic benefits and the link of said development with the fulfillment of
the nationally determined contributions.

4. Materials and Methods

The methodology and the technical-financial model proposed in this article simulates
the development of an upstream VCPVIM that involves production capacity increases
and the progressive integration of the upstream links for the period 2018-2040. This study
was carried out through the following steps:

1.  First, the year 2018 was established as the reference year, since the year had sufficient
information to represent the current structure and production capacity of the PV in-
dustry upstream value chain in Mexico.
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2. Second, through a bottom-up cost model, the total manufacturing cost for the
VCPVIM, the minimum sale price or minimum sustainable price (MSP) and the na-
tional content proportion were estimated for the reference year.

3. Third, through a techno-economic analysis that considers technological progress and
economies of scale, the total manufacturing cost for the VCPVIM, the minimum sale
price or minimum sustainable price (MSP) and the national content proportion were
estimated for the base and alternative scenarios.

4.  Finally, the socioeconomic and environmental benefits were estimated and evaluated
for each scenario, focusing on job generation, added value and the link of the devel-
opment of the VCPVIM with the fulfillment of the nationally determined contribu-
tions.

This was based on the construction of two scenarios: a base scenario that simulates
an increase of production capacity, based on the current structure of the upstream PV
value chain within the country and on its historical growth, considering that the use of
imported materials and supplies dominates this scenario; and an alternative scenario that
simulates, for the same period, a complete integration of the upstream processes of the PV
industry value chain based on monocrystalline silicon, considering the greatest possible
contribution of homeland inputs and materials.

4.1. Scenarios Construction
4.1.1. Reference Year

According to [85,101] the current structure of the VCPVIM is based only on the as-
sembly process of MFV, with a production capacity of 1.18 GW/year, while the installed
capacity for PV power generation is 5377 MW and 916 MW, for centralized generation
(CG) and distributed generation (DG), respectively [91,94].

The manufacturing cost was estimated through a bottom-up cost model (Equation
(1)) that considers the technical and economic variables from Table 4. Meanwhile the sale
price, described as the minimum price at which a manufacturer can financially support
the manufacture and sale of a good, was estimated in line to the cost proportion of man-
ufacture of an MFV over its MSP, which is on average 87% [73]. Finally, the national con-
tent proportion (Equation (10)) was estimated, also from the information in Table 4.

Table 4. Technical and economic variables to determine the proportion of national content and the
cost of assembling a photovoltaic module in Mexico for the reference year.

Variable/Input Cost/Parameter References
MEFYV efficiency 18.4 %
Poly-Si total material consumption 0.1 g/um
Poly-5i use per CFV 3.0 g/W
CFV thickness 160 Mm [69,73,102,103]
Number of CFV per MFV 60 CFV
MEFV output 310 Wp
CFV 0.094 USD/W [104]
Aluminum frame 1.25
Silicone sealant 0.06 USD/m
Back Sheet (EVA) 2.3
Encapsulant 1.1 s
Glass sheet 3.9 USD/m [73,103]
Connector tapes 0.9
]unc'tlon Box 3.4 USD/MEV
Potting agent 1.3
Electricity 0.058 USD/kWh [106-108]

Operator wage 0.6 USD/h
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Technician wage 0.8 USD/h
Supervisor wage 2.6 USD/h
Total equipment yield 96 % [69,73]

4.1.2. Base Scenario

The Base Scenario was constructed considering that the structure of the upstream
value chain of the PV industry in Mexico and in its national proportion content was the
same as that mentioned for the reference year. This remained constant during the period
2018-2040, increasing its production capacity throughout the period, to partially cover the
national demand for PV technology for electricity generation, which is estimated to grow
at an average annual rate of 12.4% (considering GC and DG) [91,94,109]. Based on this
information, the demand for PV technology was determined.

According to Table 5, it is estimated that the production capacity of the VCPVIM in
the present scenario will grow at an average annual rate of 4.6%, which is assumed to be
constant during the study period. To satisfy the national demand for PV technology, the
difference between VCPVIM production capacity and such demand will be covered by
imports. Likewise, if there are production surpluses, these will be added to the production
capacity of the following year, with the aim of reducing imports throughout the study
period.

To estimate the manufacturing costs of the present scenario, annual manufacturing
costs were calculated (Equation 1) and adjusted according to technological progress and
the increases in the VCPVIM production capacity throughout the study period, as shown
in Equation 2. In line with international trends, such an increase will be in the order of 1
GW [100]. Meanwhile the MSP was calculated using the same cost proportion as in the
reference year, and assumed to be constant for the entire period. To ensure the financial
sustainability of the VCPVIM, the increases in production capacity will depend on the
profits generated. Therefore, such profits are retained and reinvested once they reach a
value equal to or greater than the investment required to increase VCPVIM production
capacity, based on investment costs (capex) necessary to increase manufacturing capacity.
For this, it is considered that the entire production is sold.

Finally, the socioeconomic benefits associated to this scenario were determined by
evaluating their impact on added value and employment, through an input-output matrix
analysis (Equations (11) and (12)) based on the information by the National Institute of
Statistics and Geography (INEGI, by its acronym in Spanish) [110], including those indus-
tries that have a direct relationship with the manufacturing processes in accordance with
the structure considered for the VCPVIM in the present scenario.

Table 5. Historical data on MFV manufacturing capacity in Mexico.

Cumulative Production Capacity =~ Average Cumulative Pro-

Year (MW) duction Capacity (MW) AGR®
2006 100 100 0.000
2007 300 400 3.000
2008 300 350 -0.125
2009 550 417 0.190
2010 550 450 0.080
2011 550 470 0.044
2012 650 500 0.064
2013 655 522 0.044
2014 1180 604 0.157
2015 1180 668 0.106
2016 1180 720 0.077

2017 1180 761 0.058
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2018 1180 796 0.046

2 AGR = Annual growth rate of the average cumulative production. Source: own elaboration with
information from [84-86].

4.1.3. Alternative Scenario

The Alternative Scenario was constructed assuming that the upstream side of the
VCPVIM is fully integrated by the year 2040, considering the following links: (i) metal
grade silicon (MG-5i), (ii) polysilicon (Poly-5i), (iii) silicon ingot and wafers (Ingot), (iv)
photovoltaic cells (CFV) and (v) photovoltaic modules (MFV).

As in the base scenario, it was assumed that the VCPVIM increases its production
capacity to meet the national demand for PV technology. Thus, the upstream integration
of the VCPVIM, as well as the increases in manufacturing capacity, can be carried out and
self-financed, and the same procedure described in the base scenario is carried out. Con-
sidering also that the entire production is sold, the shortfalls to satisfy the national de-
mand for MFV are covered with imports and production surpluses are used to reduce
imports.

The manufacturing costs for this scenario were calculated using Equation 1 and ad-
justed with Equation (2). The adjustment in the manufacturing cost when carried out pro-
gressively will depend on the year in which both the integration and the increase in man-
ufacturing capacity are carried out. Unlike the baseline scenario, the MSP was calculated
annually as manufacturing costs change due to technological progress and capacity in-
creases, as shown in Equation (5). Once manufacturing costs and the MSP were calculated,
the proportion of national content was estimated as the VCPVIM progresses, considering
a greater supply of homeland materials (Equation (10)). Finally, the socioeconomic bene-
fits associated to this scenario were determined by Equations (11) and (12).

4.2. Calculations
4.2.1. Cost Model

The cost model was used to assume the construction, expansion, and operation of a
hypothetical integrated PV industry upstream value chain in Mexico. The manufacturing
of the final good of each link (CPB;), as well as the total manufacturing cost for the entire
VCPVIM is expressed in US dollars per watt (USD/W) (the data and results related to costs
and prices are expressed in constant dollars of 2013), and determined by the following

equation:
Clovn = 3108~ 30 (7)< 1 2, F)misin (57) - ©
= = — | = — | units in | ——
CVIFM l_ i \w L \w W

where CT¢y;ry denotes the total manufacturing cost of the entire PV industry upstream
value chain in Mexico; C} denotes the type of cost (materials, O&M, labor, electricity, etc.)
considered to produce the products of the link i; and n denotes the number of links con-
sidered for the upstream PV industry value chain: (1) MG-Si; (2) Poly-5i; (3) Ingot; (4) PV
cells and (5) PV modules.

For the years following the reference year, the manufacturing cost was adjusted by a
cost reduction factor (f) that it derives from the reductions generated by technological pro-
gress and the integration of links, as well as increases in production capacity [111-113], as
shown in Equation (2):

... (USD
CPBy, = [ CPBy, x (1 = f)]; units in (—)

w 2

where:

f=fintt+ fprod; units in (%) @3)

where:
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fprod = - (5_

Jine = Zj Ty = (g) " (ij p>0 =) *’=°) ) ( ?C;IIZZV); units in (%) @)

where p denotes the number of years (22 years) of the analysis period; y, denotes the
year of the period in which the integration of one or more links to the VCPVIM is carried
out; f,, denotes the proportion of the reduction factor corresponding to the year in which
the integration of one or more links to the VCPVIM is carried out; i denotes the link of the
value chain of the PV industry; n denotes the number of links considered for the value
chain of the photovoltaic industry; CPB; denotes the production cost of link i of the
VCPVIM; CTPypy denotes the total manufacturing cost of the final good of the VCPVIM
(the MFV). The same calculation was performed for both the Base Scenario and the Alter-
native Scenario. For the Base scenario, f;;; was determined from the price experience
curve for MFV, considering that a reduction in the manufacturing cost generates an equiv-
alent reduction in the sale price. In the present study, a LR of 23% was conservatively
assumed. For the Alternative Scenario, f;,; was calculated from simulating the manufac-
turing cost of a fully upstream integration of the VCPVIM for the reference year (2018)
and for the last year of the study period (2040), in line with the information regarding the
technological progress of the PV industry [69,114]. With the information obtained from
these simulations, we estimated that the f;;,; derived from technological progress for the
VCPVIM was 0.355 for the period 2018-2040 (See Table S1 of the supplementary material).
In addition:

-b
SYPZ) . (ACO&MyPZ—ypl + ACMprZ—ypl + ACDypZ—ypl

) ; units in (%) 5)

Yp1 CTPMFVypI

where S,,, denotes the manufacturing capacity in the year where the increase applies;
Syp1 denotes the manufacturing capacity in the reference year; b denotes the scaling fac-
tor, with b = 0.376; which is obtained from the LR value considered through the relation-
ship LR=(1-PR)=(1-2-b)[111,115] and p denotes the number of years (22 years) of the
analysis period. The investment costs (capex) necessary to increase manufacturing capac-
ity, as well as for the upstream integration of the value chain of the PV industry, for the
reference and final years, are shown in Table S2 of the supplementary material. According
to [26,116,117], it is estimated that capex for equipment decreases at an annual average
rate of 7.4%, while capex for facilities increases at a rate of 2.4% annual average. The value
of fproa is also progressive and depends on the increase of the VCPVIM manufacturing
capacity and on the year where such increase applies.

4.2.2. Sustainable Minimum Price Model (MSP)

The MSP model estimates the minimum price at which a manufacturer can finan-
cially support the manufacture and sale of a good by simulating a discounted cash flow
(CFp) for the operation of the hypothetical VCPVIM [81,101,102]. It is given by the follow-
ing Equation:

N nor CF, -
CFipsy = Zi ZlMSPL-p —Zi Zlm = 0; units in (USD) ©)

With:
forp>1; CFypsy = Ry — CPBy, — T — Ny, — ICyy, + Dy units in (USD) (7)

where p denotes the number of years (22 years) of the analysis period; n denotes the
number of links considered for the value chain of the photovoltaic industry; i denotes the
link of the VCPVIM; w denotes the discount rate that equals the weighted average cost of
capital (WACC), specific for each link i and according to the subsector s of the industry to
which it belongs (see, Table S3 of the supplementary material) [74,118,119]; where R,
denotes the income (net sales) of link i. Revenues result from the product of the MSP for
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the plant's production capacity; CPB; denotes the manufacturing cost of the final good of
link 7 in period p, includes costs of materials and supplies, O&M costs (4% for equipment
and 3% for facilities, both of the initial investment) and labor costs; T denotes an income
tax (30%); Dy, denotes the depreciation cost of link i (Table S3); —IC;,, denotes the invest-
ment cost for link i; —N;;, denotes the change in net working capital (NWC) requirements
for link i, established as the difference between the three-month algebraic sum of current
assets and liabilities for the current year compared to the previous year [120].

4.2.3. National Content Proportion Model

The proportion of local content is defined as the percentage that represents the value
of the national direct materials and labor used in the manufacture of a good, over the total
cost of production of the final good [121-123]. According to this definition, the proportion
of national content in the value chain of the PV industry developed in Mexico
(PCNzota1vepvim) Was calculated using the following equation:

n CPB; L
PCNTotal VCPVIM — ] PCNBl * <—CT );unlts mn (%) (8)
i=1 VCPVIM

where PCNB; denotes the proportion of national content in the final good of link i of the
of the VCPVIM, with:

(PCMN; * CPB;) + CMO;
CPB; + CMO;,

PCNB; = ;units in (%) 9)
where PCMN; denotes the proportion of the value of national materials used to manu-
facture the final good of the link 7 of the VCPVIM; CPB; denotes the manufacturing cost
of the final good of link i; CMO; denotes the total cost of the national labor used to man-
ufacture the final good of the link i. With:

i VIM;

PCNM; = 1 —
l [( CPB;

)] ;units in (%) (10)
where VIM; denotes the value of the imported materials used to manufacture the final
good of the link i of the VCPVIM; k denotes the number of imported materials used to
manufacture the final good of the link 7 of the VCPVIM. From the foregoing, it is under-
stood that as the value of imported materials is replaced along the VCPVIM, the propor-
tion of national content in the final good approaches 1.

4.2.4. Socioeconomic Benefits Model

The quantification of the economic and social impact, associated with the develop-
ment of a value chain of the PV industry in Mexico, in terms of added value and job crea-
tion was carried out through an input-output model [124], using a 262 x 262 symmetric
matrix with information from [110]. With this matrix, the exogenous effects of a new in-
vestment on the added value (AVA) and employment (AE) in each of the sectors of the
national economy were determined, obtaining the added value multipliers (MVA) and
employment (ME), as shown in the following equations:

14 14 (o
VAgorar = ) AVA; = MVA; s [Z IC,y + <Z CPBy, + %)] units in USD (1)
1 1 VCPVIM
P P Chi o . 12
Eiotar = Z AE;; = ME; * [leCip + (ZlCPBL-p * m)];umts in# of jobs (12)

where AVA;; denotes the increase in the added value of sector j derived from the integra-
tion and/or capacity increase in link i of VCPVIM; MVA; denotes the multiplier of the
added value of sector j; AE;; denotes the increase in the number of employees in sector j
derived from the integration and/or capacity increase in link i of VCPVIM; ME; denotes
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the employment multiplier of sector j; IC; denotes the investments destined to the con-
struction and equipping of the facilities necessary for the integration and/or capacity in-
crease of link i to the VCPVIM; and p denotes the number of years of the analysis period.

5. Results

Based on national prospects [91,94], the use of PV technology for electricity genera-
tion could increase its share from 1.3% in 2018 to 21.8% by 2040, considering both CG and
DG. Meanwhile, the use of conventional technologies based on fossil fuels for electricity
generation could reduce its participation from 73.7% to 52.8%, ceasing to emit around 854
MtCO:ze of GHG emissions through the 22 years of the analyzed period. With this, it would
be possible to improve national energy security and meet the goal of generating electricity
through clean energies by 35% in 2024 [125] and reaching 46.2% by 2040. It would also be
possible to keep the commitment established in the nationally determined contributions
to reduce emissions in this sector by 31% in 2030 [126], where PV energy would contribute
to reducing such emissions by 14.7%. However, to achieve this goal there must be an ac-
cumulated installed capacity of PV power of 82,299 MW by 2040 (Table 6).

Table 6. Installed capacity, electricity generation and GHG emissions based on national perspec-
tives, 2018-2040.

2018 2024 2030 2040
Cumulative capacity (MW)
Conventional energy 54,492 70,426 78,403 95,704
Solar PV 6293 17,582 26,740 82,299
Centralized 5377 15,254 20,824 54,299
Distributed 916 2328 5916 28,000
Other clean energies 18,714 32,374 38,940 56,643
Cumulative generation (GWh)
Conventional energy 232,995 270,543 308,958 402,367
Solar PV 4042 30,606 53,876 165,816
Centralized 3454 26,554 41,956 109,402
Distributed 588 4052 11,920 56,414
Other clean energies 79,704 118,988 142,919 193,255
Generation share (%)
Conventional energy 73.7 64.4 61.1 52.8
Solar PV 1.3 7.3 10.7 21.8
Other clean energies 25.0 28.3 28.2 25.4
GHG emissions (MtCOzc)
No clean energy increase 102.0 781.6 1593.0 3301.1
With clean energy increase 102.0 634.5 1195.3 2286.6

Source: own elaboration with information from [91,94].

5.1. Baseline Scenario

According to the historical data (Table 7), it is estimated that the MFV assembly ca-
pacity of the VCPVIM in the Baseline Scenario (BS) will grow at an average annual rate of
4.6%. Based on this growth, it is determined that the upstream structure of the VCPVIM
in this scenario will reach a production capacity of 3180 MW/year by 2040, with an accu-
mulated production capacity of 38,186 MW. Thus, 46.4% of the accumulated national de-
mand for MFV could be covered to meet national goals, while the remaining 53.6% will
be covered through imports. Table 5 shows the annual evolution of VCPVIM production
capacity and its surpluses, as well as imports in relation to the national demand for PV
technology.



Energies 2023, 16, 2072

16 of 28

Table 7. Evolution of the VCPVIM production capacity, costs, and prices in the Baseline Scenario,

2018-2040.

Year National Product.ion Imports Assembling CFV Cost MSP  Sales Imports
Demand Capacity Cost (Imported)

(MW) (USD/W)
2018 6293 1182 5111 0.217 0.094 0.249 2943 1001.8
2019 4727 1182 3545 0.207 0.090 0.237 2805 659.5
2020 3610 1182 2428 0.197 0.085 0.226  266.7 428.7
2021 732 1182 - 0.187 0.081 0215  253.6 -
2022 246 1182 - 0.178 0.077 0.204 2411 -
2023 849 1182 - 0.167 0.073 0192 2272 -
2024 1125 1182 - 0.157 0.068 0.180 2127 -
2025 1142 1182 - 0.147 0.064 0.168  199.0 -
2026 1135 1182 - 0.137 0.059 0.158  186.3 -
2027 1128 1182 - 0.129 0.056 0.148  175.0 -
2028 1494 1182 - 0.128 0.055 0.147 1734 -
2029 2172 1182 - 0.127 0.055 0.145 1718 -
2030 2087 1182 290 0.125 0.054 0.144 1703 32.8
2031 2735 2182 553 0.124 0.054 0.142 3101 61.9
2032 2902 2182 720 0.122 0.053 0.140  305.7 79.7
2033 3071 2182 889 0.120 0.052 0.138  301.3 97.3
2034 4470 2182 2288 0.119 0.051 0136  297.0 247.5
2035 5056 2182 2874 0.119 0.051 0.136  297.7 307.4
2036 5723 2182 3541 0.116 0.050 0.133  290.3 373.6
2037 6481 2182 4299 0.113 0.049 0.130 2831 447.6
2038 7344 2182 5162 0.110 0.048 0.127  276.1 530.2
2039 8328 2182 6146 0.108 0.047 0.123 2693 622.7
2040 9449 3182 6267 0.105 0.045 0.120  383.1 626.7
Total 82,299 38,186 44,113 - - - 5865.4 5517.4

Source: own elaboration.

In relation to the assembly costs and sales prices of the present scenario, the cost of
assembling an MFV in Mexico decreased by 52% during the analyzed period, going from
0.217 USD/W in 2018 to 0.105 USD/W in 2040. Such a reduction is mainly because the cost
of the CFV decreases from 0.094 to 0.045 USD/W. With respect to the MSP, this decreases
from 0.249 USD/W to 0.120 USD/W by 2040. Considering the above, to satisfy the national
demand for PV technology for electricity generation in the present scenario, a cumulative
total of 13,330 M USD must be invested throughout the study period; where 59% corre-
sponds to the total sales of VCPVIM production, and 41% corresponds to the total value
of imports of PV technology (MFV) (Table 7).

Regarding the proportion of national content (PCN), this remains constant in relation
to the reference year, because the present scenario does not consider the incorporation of
more links. It is estimated that this has a value of 0.08, considering that the labor is totally
of national origin and 0.06 if only the use of materials is considered, as shown in Table 8.
This is because of the lack of national materials in the assembly of the MFV, since it is
considered that the only national input is the “packaging” (Section S2, Table S5 in Supple-
mentary Material).
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Table 8. Proportion of national content of the VCPVIM in the reference year.

. . VCPVIM Link
National Content Proportion Type MFV
PCNM 0.06
PCNM + PCNB 0.08
PCN 0.08

PCNB = Proportion of national content in the final good of the link; PCNM = Proportion of the value
of national materials used to manufacture the final good of the link. Source: own elaboration.

Finally, to increase the VCPVIM production capacity from 1.18 GW to 3.18 GW, ac-
cording to the present scenario, a total investment of 149.2 M USD is needed (Table S11 of
Section S2 in Supplementary Material). From which a direct added value of 756.5 M USD
and an indirect added value of 810.7 M USD can be generated, as well as approximately
1025 direct jobs and 43,681 indirect jobs throughout the entire period. Most of both the
indirect value added (80%) and the indirect jobs generated (78%) correspond to the con-
struction industry sector, derived from increases in the VCPVIM production capacity, as
shown in Table 9.

Table 9. Total socioeconomic benefits of the VCPVIM in the Baseline Scenario.

Sector Employml\:rl:’:hphe; Gded Value Employment (¥) Added Value (MUSD)
Construction industry 0.00025 4.61 36,778 688.3
Manufacture of cardboard 0.000029 0.61 057 43
and paper products
Grocery and food wholesale 0.000351 6.95 5004 88.7
Grocery and food retail sale 0.000115 2.30 1641 29.3
Direct 1025 756.5
Total 44,706 1567.2
A version of this table, with the construction industry disaggregated, can be seen in Table S4 of
Section S2 in Supplementary Material. Source: own elaboration.
5.2. Alternative Scenario
According to the results obtained, this scenario shows that a development and com-
plete integration of the upstream links of the value chain of the PV industry in Mexico is
possible and economically viable. In terms of cumulative production, Table 10 shows that
a fully integrated VCPVIM could satisfy 76% of the national demand of PV technology by
producing a cumulative total of 62,186 MW by 2040, producing 1.6 times higher than the
cumulative production of the BS. Imports of this technology are 47% lower in this Alter-
native Scenario (AS) in relation to BS, reducing from 42,113 MW to 23,412 MW.
Table 10. Evolution of the VCPVIM production capacity, costs, and prices in the Alternative Sce-
nario.
Year National Product'ion Imports Assembling MSP Sales Imports
Demand Capacity Cost
(MW) (USD/W)
2018 6293 1182 5111 0.217 0.249 294.3 1001.8
2019 4727 1182 3545 0.211 0.243 287.1 659.5
2020 3610 1182 2428 0.205 0.237 280.0 428.7
2021 732 1182 - 0.200 0.231 273.0 -
2022 246 2182 - 0.183 0.213 464.2 -
2023 849 2182 - 0.182 0.212 462.3 -
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2024 1125 2182 - 0.181 0.211 460.4 -
2025 1142 2182 - 0.179 0.210 458.5 -
2026 1135 2182 - 0.165 0.193 422.1 -
2027 1128 2182 - 0.163 0.192 418.6 -
2028 1494 2182 - 0.161 0.190 415.0 -
2029 2172 2182 - 0.159 0.189 411.5 -
2030 2087 2182 - 0.157 0.187 408.0 -
2031 2735 3182 - 0.127 0.151 481.5 -
2032 2902 3182 - 0.125 0.150 476.6 -
2033 3071 3182 - 0.123 0.148 471.7 -
2034 4470 3182 - 0.122 0.147 466.8 -
2035 5056 3182 - 0.120 0.145 462.0 -
2036 5723 3182 - 0.119 0.144 457.3 -
2037 6481 3182 2753 0.117 0.142 452.6 286.6
2038 7344 5182 2162 0.115 0.140 7242 22211
2039 8328 5182 3146 0.112 0.137 711.6 318.8
2040 9449 5182 4267 0.110 0.135 699.3 426.7
Total 82,299 62,186 23,412 - - 10,458.7 3344.1
Source: Own elaboration.
Continuing with the development of the AS, Table 11 shows that the manufacturing
cost is reduced by 49.3% towards 2040 with respect to the reference year, lowering from
0.217 to 0.110 USD/W. This is derived from both the complete integration of the VCPVIM
(35.5%) and the increases in production capacity (13.8%) throughout the period, indicating
that the influence of technological progress is greater on reducing costs than on economies
of scale.
Table 11. Manufacturing costs and MSP in the Alternative Scenario, 2018-2040.
VCPVIM Integrated Links and Year of Integration
2018 2026 2031 2038 2040
MFV+CFV+In- MFV+CFV+In-
MEV MEV+CEV MEV+CEVHINgot poly-Si+MG-Si  got+Poly-Si+MG-Si
Material/input/pa- (USD/W)
rameter
MG-Si - - - - -
Poly-5i * - - 0.018 - -
Ingot * - 0.032 - - -
CFV * 0.094 - - - -

Materials 0.102 0.079 0.080 0.074 ** 0.069 **
Depreciation 0.012 0.012 0.013 0.013 0.013
Maintenance 0.003 0.004 0.004 0.006 0.006

Labor 0.004 0.005 0.004 0.008 0.008

Electricity 0.002 0.008 0.008 0.014 0.014

Total cost 0.217 0.140 0.127 0.115 0.110

MSP 0.249 0.164 0.151 0.140 0.135
Reduction due to inte-
gration and/or devel- (%)
opment
Technological pro- 0.0 124 159 32.3 35.5
gress
Economies of scale 0.0 0.0 11.7 13.7 13.8
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* Imported materials and/or supplies in the development of the proposed scenarios. ** As the link
MG-Si is integrated, this value includes the cost of the materials for its manufacture. An extended
version of this Table can be seen in Table S5 of Section 2 in Supplementary Material. Source: own
elaboration.

Likewise, Figure 3 presents the evolution of the decrease in manufacturing costs in
the AS, where manufacturing PV technology results in a higher cost compared to the BS,
averaging a difference of 24% between the years 2018 and 2025. However, once the MFV,
CFV and Ingot links are integrated, which together represent more than 80% of the total
manufacturing cost, and added to the increases in production capacity, the difference be-
tween these costs decreases to finally reach 5% when the VCPVIM is fully integrated by
2040. This is reflected in the MSP estimated for this AS, which is reduced by 46% with
respect to the price of the reference year, lowering from 0.249 to 0.135 USD/W.
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Figure 3. Evolution in the development of the Alternative Scenario and its impact on the decrease
in manufacturing costs in relation to the Baseline Scenario, 2018-2040. Source: own elaboration.

Regarding the PCN, Table 12 shows that it increases, in terms of the use of materials
and supplies of national origin for the manufacture of each of the final products of each
link of the VCPVIM, as its upstream integration progresses throughout the AS. Since the
Ingot and MG-Si links are the only links that use materials and supplies considered as
imported in their manufacturing processes towards the end of the analyzed period, these
links do not reach a 100% proportion in the use of materials or supplies of national origin.
Materials and supplies considered imported can be seen in Table S5 of Section S2 in Sup-
plementary Material.

Table 12. Proportion of materials and supplies of national origin in the manufacture of the final
products of each link of the VCPVIM in the Alternative Scenario.

Integrated Links

2018 2026 2031 2038

MEV MEV+CFV MFV+CFV+In- MFV+CF.V+ Ingo.t+ Poly-

got Si+MG-Si
VCPVIM Link

MFV 6% 100% 100% 100%
CFV 0 45% 100% 100%
Ingot 0 0 28% 73%
Poly-Si 0 0 0 100%
MG-Si 0 0 0 60%

The 100% value indicates that the final product of the link is made entirely with materials and sup-
plies of national origin. Source: own elaboration.
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Likewise, Table 13 indicates the final PCN in terms of the integration of the VCPVIM
links. The PCN increases by more than 80% with respect to the reference year once the
VCPVIM is fully integrated towards the last year of the study period. The MFV link is the
one that most contributes to the increase of the PCN.

Table 13. Proportion of national content of each link of the VCPVIM in the Alternative Scenario.

Integrated Links
2018 2026 2031 2038
MFV+CFV+ Ingot+Poly-
MFV MFV+CFV MFV+CFV+ Ingot Si+MG-Si
VCPVIM link
MFV 0.08 0.46 0.41 0.38
CFV 0.0 0.22 0.26 0.26
Ingot 0.0 0.0 0.09 0.09
Poly-Si 0.0 0.0 0.0 0.12
MG-Si 0.0 0.0 0.0 0.04
PCN Total 0.08 0.68 0.76 0.89
Source: own elaboration.

In relation to socioeconomic benefits, with the development of this scenario, a total
of 10,364 direct jobs and 447,222 indirect jobs can be generated, where, similar to the BS,
the sector that benefits the most from the development of the VCPVIM is the construction
industry, since this sector represents 83% of indirect jobs (Table 12). However, it must be
remembered that these jobs are not permanent, as they are generated only while new fa-
cilities are being built by increasing production capacity and integrating links. In terms of
permanent jobs, the present scenario generates 10.2 times more jobs than the BS. At the
same time, it can generate a direct added value of 3194.2 M USD and an indirect value of
8967.7 M USD (Table 14), the total being 7.8 times added value than BS. In terms of total
accumulated production capacity, for every one MW produced, seven jobs are generated
and an added value greater than 149,000 USD. The total investment needed to carry out
this Alternative Scenario is about 1715 M USD, which is 11.5 times more than the BS (see
Section S2, Tables 511 and S12).

Table 14. Total socioeconomic benefits of the development and integration of the VCPVIM in the
Alternative Scenario by 2040.
. 1. Employment Added Value
Multiplier ) (MUSD)
Employment Added Value
Construction Industry 0.0000308 5.77 373,179 6,984.2
Felling of trees 0.0000306 0.93 123 3.7
Coal mining 0.0000121 0.74 25 1.5
Metal ore mining 0.00000913 0.98 2269 2459
Non-metallic mineral mining 0.0000465 0.98 30 0.6
Mining related services 0.00000758 0.59 1905 149.1
Gas supply through pipelines to the final con- 0.00000000130 0.45 0 04
sumer
Manufacture of cardboard and paper products 0.0000292 0.61 538 11.3
Manufacture of petroleum and coal products 0.000303 5.32 159 2.8
Manufacture of basic chemicals 0.0000715 1.77 12,470 332.0
Manufacture of paints, coatings and adhesives 0.0000141 0.43 110 3.4
Manufacture of other chemical products 0.0000217 0.52 4,815 121.1
Manufacture of plastic products 0.0000415 0.76 4,747 86.8
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Manufacture of refractory clay and mineral-based 0.0000183 037 505 101
products
Manufacture of glass and glass products 0.0000189 0.50 3438 90.3
Basic aluminum industry 0.00000674 0.35 1586 83.8
Manufacture of agricultural machinery and equip-
ment, for construction and for the extractive indus- 0.00000923 0.34 37 1.4
try
Manufacture of machmgry a'nd equipment for the 0.0000122 0.35 339 9.6
metalworking industry
Manufacture 9f e.lectl.rlcal power generation and 0.0000110 007 2068 499
distribution equipment
Manufacture of other electljlcal equipment and ac- 0.0000151 0.39 7505 215.9
cessories
Grocery and food wholesale 0.000351 6.95 23,559 423.8
Grocery and food retail sale 0.000115 2.30 7726 140.1
Direct 10,364 3194.2
Total 457,586 12,161.9

Note: tables disaggregated by link of the CVIFM can be seen in Tables S6-S10 in Supplementary
Material. Source: own elaboration.

Finally, Table 15 shows the jobs and added value generated in each link of the
VCPVI, as this is integrated throughout the development of the EA. Both the added
value and the number of jobs increase with the integration of links to the VCPVIM, with
the CFV manufacturing link being the one that generates the most jobs and added value,
followed by the link for the manufacture of Poly-5i. Together, these two links represent
approximately 61% and 54% of the total generation of jobs and of the total added value
generated, respectively, by 2040. This emphasizes the importance of having those links of
a strategic nature that ensure the supply of the main inputs for the development of a value
chain of the national PV industry.

Table 15. Job creation and added value evolution in terms of the integration of VCPVIM links in the
Alternative Scenario, 2018-2040.

Scenario Period

2019-2021 2022-2025 2026-2030 2031-2037 2038-2040
Production Capacity
PVIVCM 1182 MW 2182 MW 2182 MW 3182 MW 5182 MW
link Jobs Added Jobs Added Jobs Added Jobs Added Jobs Added
*) Value ) Value ) Value ) Value *) Value
(MUSD) (MUSD) (MUSD) (MUSD) (MUSD)
MEFV 4410 270 27,246 1177 14,169 913 37,804 1865 104,488 3640
CFV 0 0.0 0 0.0 63,103 1736 41,830 1491 162,672 3973
Ingot 0 0.0 0 0.0 0 0.0 31,868 1268 50,606 1350
Poly-Si 0 0.0 0 0.0 0 0.0 0 0.0 116,960 2593
MG-Si 0 0.0 0 0.0 0 0.0 0 0.0 22,860 592
Total 4410 270 27,246 1177 77,272 2649 111,502 4624 457,586 12,162

Source: own elaboration.

6. Conclusions

In this study, we presented a methodology and an economic model that considered
the impact of the progress of PV technology and economies of scale to simulate and eval-
uate the feasibility of a possible development and upstream integration of a value chain
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of the PV industry in Mexico (VCPVIM), and its potential generation of socioeconomic
benefits for the country by the year 2040.

Our analysis showed that such development and integration of the VCPVIM can be
self-financing and economically viable, enabling the generation of more than 447,000 jobs
(20,318 jobs/year on average over the 22 years of the analyzed period). This figure is in
line with the number of jobs that were annually generated during 2019 in the PV indus-
try of other countries, such as China (2 million ), USA (36,000) and India (38,760) [127]. In
addition, an added value greater than 12,000 M USD, allows to gradually increase the
value of national content of the VCPVIM, reaching 89% by 2040. It also satisfies 76% of the
national demand for PV technology for said year, through which it is possible to contrib-
ute to the fulfillment of the national goals of clean energy and mitigation of GHG emis-
sions; as well as to improve national energy security by using renewable energy resources,
and ensure inputs and key components for this industry. All this, through an investment
of more than 1700 M USD over the period 2018-2040. In addition, it also shows that it is
possible to increase production capacities, not only to meet national demand, but to open
other markets and release production to other countries. This avoids cuts in the supply of
photovoltaic technology, especially in Central and South America, which would benefit
the global supply chain.

However, to promote such innovation, diversification, and better insertion of value
chains in specific sectors, all in the context of an open economy, the market and the public
and private sectors must complement each other and cooperate constructively within an
institutional framework that guarantees transparency and efficiency. Given that the im-
plementation of industrial policies necessarily occurs from an intimate interaction be-
tween these two actors, the capacities of both and the type of relationship they establish
will largely determine the results of these policies. Under this perspective, if the govern-
ment has a genuine vision of development, and has the appropriate institutional frame-
work, it can build broad formal and informal agreements with a common long-term vision
with the private sector, focused on promoting a profound productive transformation,
strengthening in this way the formation of human capital, the technological appropria-
tion, and the strategic development of certain sectors of the economy.

Supplementary Materials: The following supporting information can be downloaded at:
www.mdpi.com/article/10.3390/en16042072/s1, Table S1: Change in technical and economic varia-
bles derived from technological progress considering a complete integration of the VCPVIM in the
year 2018 and 2040; Table S2: Capex per link of the value chain of the PV industry for the years 2018
and 2040; Table S3. Discount rate and number of periods per link to prepare the cash flow; Table S4:
Total socioeconomic benefits of the VCPVIM in the Base Scenario; Table S5: Manufacturing costs
derived from the upstream integration of VCPVIM in the Alternative Scenario; Table S6: Total soci-
oeconomic benefits by subsector in the Alternative Scenario for the MFV link; Table S7: Total socio-
economic benefits by subsector in the Alternative Scenario for the CFV link; Table S8: Total socioec-
onomic benefits by subsector in the Alternative Scenario for the Ingot link; Table S9: Total socioec-
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Abbreviations

The following abbreviations are used in this manuscript:

AS Alternative Scenario

BS Baseline Scenario

CINVESTAV  Spanish acronym for Center for Research and Advanced Studies

CFV PV cells

CG Centralized Generation

CVD Chemical Vapor Deposition

Cz Czochralski

DG Distributed Generation

GHG Greenhouse Gases

GW Giga Watt

GWh Giga Watt Hour

MFV PV modules

MG-Si Magnesium Silicide

MSP Minimum Sustainable Price

MtCOze Million Tons of Carbon Dioxide Equivalent

MUSD Million US Dollar

MW Megawatt

O&M Operations and maintenance

PCN Proportion of national content

PCNB Proportion of national content in the final good of the link

PCNM Proportion of the value of national materials used to manufacture the final good
of the link

Poly-Si Polycrystalline silicon

PV Photovoltaic

usD US Dollar

VCPVIM Value Chain of the PV Industry in Mexico

w Watt
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