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Abstract: Photovoltaic technology has become a huge industry, based on the enormous applications
for solar cells. In the 19th century, when photoelectric experiences started to be conducted, it would
be unexpected that these optoelectronic devices would act as an essential energy source, fighting the
ecological footprint brought by non-renewable sources, since the industrial revolution. Renewable
energy, where photovoltaic technology has an important role, is present in 3 out of 17 United Nations
2030 goals. However, this path cannot be taken without industry and research innovation. This
article aims to review and summarise all the meaningful milestones from photovoltaics history.
Additionally, an extended review of the advantages and disadvantages among different technologies
is done. Photovoltaics fundamentals are also presented from the photoelectric effect on a p-n
junction to the electrical performance characterisation and modelling. Cells’ performance under
unusual conditions are summarised, such as due to temperature variation or shading. Finally, some
applications are presented and some project feasibility indicators are analysed. Thus, the review
presented in this article aims to clarify to readers noteworthy milestones in photovoltaics history,
summarise its fundamentals and remarkable applications to catch the attention of new researchers
for this interesting field.

Keywords: 1M3P; 1M5P; optics; optoelectronic devices; photoelectric effect; photovoltaic applications;
photovoltaic generations; photovoltaic technology; semiconductors; solar energy

1. Introduction
1.1. Historical Notes

The photovoltaic effect was first observed in 1839, by Alexandre Edmond Becquerel, a
young French physicist. He was conducting electrochemical experiences, when he noticed
the occurrence of this effect on silver and platinum electrodes, which were exposed to the
sunlight [1–3].

In 1873, Willoughby Smith wrote a letter to his friend and colleague Latimer Clark,
describing a manifestation of this incredible effect on selenium: “Being desirous of obtaining
a more suitable high resistance for use at the Shore Station in connection with my system
of testing and signalling during the submersion of long submarine cables, I was induced
to experiment with bars of selenium (. . . ). I obtained several bars (. . . ). Each bar was
hermetically sealed in a glass tube, and a platinum wire projected from each end for the
purpose of connection. (. . . ) While investigating the cause of such great differences in the
resistance of the bars, it was found that the resistance altered materially according to the
intensity of light to which they were subjected.” [2]. Only 4 years later, in 1877, Adams and
his student Richard Day designed and developed the first solar cell. They used selenium,
and this device had an efficiency of approximately 0.5%. After one year, Charles Fritts
doubled this efficiency, also using selenium but in a different approach: a selenium wafer
between two metal thin layers [1–3].
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Photoelectric theory was proposed in 1905 by Albert Einstein. This theory had some
concepts previously proposed by Max Planck. It describes the relation between light waves
and photons, which are the quanta of light as well as the relation between the photons
energy and its frequency (a linear relation, of which its proportionality constant is the
Planck’s one). In 1921, Einstein was award with The Nobel Prize in Physics: “In one
of several epoch-making studies beginning in 1905, Albert Einstein explained that light
consists of quanta—“packets” with fixed energies corresponding to certain frequencies.
One such light quantum, a photon, must have a certain minimum frequency before it can
liberate an electron” [4]. According to The Nobel Prize academy, this awards “his services
to Theoretical Physics, and especially for his discovery of the law of the photoelectric
effect” [4].

High efficiencies were reported when selenium was replaced by silicon. In 1939,
Russell Ohl was responsible for the discovery of the the n- and p-type regions in silicon
and the photoelectric effect in p-n junctions [5]. This innovation opened doors for the
appearance of other technologies, without which we would not have today’s society and
knowledge, such as the transistor and the photovoltaic cell (the main focus of this review
article). Then, in 1940, Ohl developed on Bell Labs the first silicon solar cell, denominated
at that time as light-sensitive electric device [6].

In this first experiments, all these researchers and inventors reached a unique conclu-
sion: the generated current is proportional to the incident radiation and this proportionality
depends on the radiation wavelength. However, instead of being used as solar cells (due
to its low efficiency), these devices were used as sensors [1–3]. An awesome example was
the photography light sensors developed by the German engineering Werner Siemens,
the founder of Siemens [2]. He was the first to commercialise such unique devices, not as
photovoltaic cells, but as those sensors.

Despite this, only in 1954, Calvin Fuller, a chemist from Bell Labs, developed a process
to dope silicon [1,2,5]. This innovation led to the creation of the first p-n junction (diode), a
work signed by the physicist Gerald Pearson, Fuller’s colleague, who helped create it, by
immersing a doped silicon bar on lithium. They reported photovoltaic properties and an
astonishing efficiency of 6%, for dopants of boron and arsenic [1,2].

In 1955, a solar cell was placed as the power source of a telecommunication network in
Americus, Georgia. This is the first ever application of a solar cell, about one year latter of
the device’s presentation on an annual meeting of the USA National Academy of Sciences,
held in Washington on 25 April 1954 [1,2,5].

Other applications came up extraordinarily fast. On 17 March 1958, NASA launched a
satellite named Vanguard-I, which was the first one to have a solar system. Vanguard-I was
equipped with two transmitters, one using a mercury cell source an the backup one using
a solar system composed by six silicon solar cells. They worked eight years, which is an
excellent progress, since the conventional mercury power system had a lifetime of twenty
years [1,2]. NASA was not initially convinced about the advantages and future necessity
of having a solar power system on their extraterrestrial products. However, photovoltaic
technology was getting its opportunity, as several missions were successful due to this new
way of producing power. Only two months later, the Russian space program launched
its satellite Sputnik-3, also having a photovoltaic solar source. Thenceforth, photovoltaic
power sources are an important system on spacial projects [1,2,7].

It goes without saying that the war to discover space was one of the great drivers for
the advancement of the photovoltaic technology [1,7]. Public applications were always a
goal to be reached. However, the lack of optimised manufacture processes and consequently
the expensive commercialisation cost were the main barriers to this advance.

On 1970s, a worker of Communications Satellite Corporation (Comsat) named Joseph
Lindmeyer developed a process that increases the efficiency of silicon solar cells by 50%.
Lindmeyer left the company and together with Peter Varadi founded Solarex in 1973,
with the aim of developing solar cells for public applications. Despite the patent of this
process being owned by the Comsat and not by Lindmeyer or Solarex, in 1980 Solarex had
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approximately 50% of the photovoltaic industry market. It was a small market, but it was
increasing since 1973 (several months after Solarex foundation) due to the oil crisis [1,2].

Driven by this crisis, the scientific community interest for photovoltaic technology rose.
New technologies appeared, using different and new materials, aimed at the reduction of
manufacturing costs. Until 1973, mono-Si (monocrystalline silicon) was used, but thereafter
poly-Si (polycrystalline silicon) and a-Si (amorphous silicon) drove the market, since their
processes were much cheaper and less demanding [1,2,8].

From thereon, photovoltaic technology has been improved with other techniques.
New solar cells appeared, having the necessity of categorising cells in two, and later on,
three different generations [8–10]. Nowadays, some researchers and manufactures request
a new division, creating the fourth one. These generational categorisation stems from the
materials and techniques used in their production, as it is possible to verify in this article as
well [9–12].

Moreover, the discovery of other phenomena on other interesting areas such as elec-
tronics, photonics or quantum mechanics allowed the improvement of photovoltaic cells.
It is already possible to have flexible solar cells and even painted solar cells [11,13–15].
The improvement of different cells’ efficiency is presented by National Renewable Energy
Laboratory (NREL) in [8]. This chart is commonly presented and cited in several research
works and it is grouped and updated by the NREL. “NREL maintains a chart of the highest
confirmed conversion efficiencies for research cells for a range of photovoltaic technologies,
plotted from 1976 to the present” [8]. This chart will be addressed on the following sections.
The comparison among different technologies and generations will be performed after, but
it is already noticeable that photovoltaic technology research area has been an interesting
field along all these decades, namely on the past decade, since more milestones/marks
appear on the NREL chart.

On the top of that, a photovoltaic system started to be seen not only as the photovoltaic
cells, but also with other elements such as inverters, batteries, and even the cables to
connect these components [16–19]. Every improvement in any of these devices led to
the improvement of the system efficiency and consequently to enhance advantages of
photovoltaic technology.

1.2. Current Commitments and Goals

Nowadays, photovoltaic technology overcame all the expectations. Photovoltaic
panels are everywhere. Some technologies are now massively produced, leading to manu-
facture cost reductions.

In today’s projects, other variables are taken into account: besides the financial viability,
the environmental “costs” are also analysed. Presently, photovoltaic panels are so easily
brought for public applications that the key is no longer how to produce energy (as in
the 20th century), but it is how to produce green energy. This means that the produced
energy should be have a smaller ecological footprint in comparison with any other way
of producing it (usually compared with fossil fuels sources). One way of measuring this
ecological footprint may be by the ratio of CO2 per produced power during all the source
lifetime (since the manufacturing up until the recycling) [9,20–23].

Similarly to the advances felt on the manufacture processes, photovoltaic industry is
expectant for innovation and novelties about the recycling processes.

The world is constantly changing, nonetheless energy production is still dominated
by the non-renewable sources, mainly fossil fuels. However, new energy sources are
competing with the fossil fuels, allowing us to make our planet a better place to live.
Low emissions of toxic gases during all the manufacture, working and recycling periods
in comparison with non-renewable energies, make renewable source a quite interesting
alternative. In this group, photovoltaic technology has the biggest potential, because it is
cheap and easy to set [9,10,16,24,25].
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Climate change concerns and the incredible, increasing, demand of our societies,
caused by the ever growing of our population, require an enormous effort to shift from
conventional energy production methods and turn to renewable energies [18,19,26].

The European Commission wrote in its proposed European Green Deal the promise of
cutting greenhouse gas emission by at least 55% until 2030 and the expectation of being
neutral by 2050 [18,19].

Additionally, the United Nations established its Sustainable Development Goals
(SDGs) in 2015, in a document entitled “Transforming our world: the 2030 Agenda for
Sustainable Development”. The simplest way to show the transforming capability of photo-
voltaic technology is looking at these goals. On a total of 17 goals, photovoltaic technology
can be easily associated to three of them: 7th (Affordable and Clean Energy), the 11th
(Sustainable cities and Communities) and the 13th (Climate Action) [27].

2. Photovoltaic Generations

Solar cells are usually classified into generations, as exemplified in Figure 1, this
categorisation stems from the materials and techniques used in their production [12]. The
first generation is wafer-based, meaning that the core of their fabrication techniques were
built upon techniques already employed at the time for integrated circuit manufacturing,
allowing them to reap the benefits from the large expertise in the field of silicon wafer
production [12]. In the photovoltaic module universe, this first generation is still the most
prevalent, accounting for 95% of produced power in 2020 [16]. Second generation cells were
developed with the intent of reducing the costs of the previous generation and improving
their characteristics.

Figure 1. Categorisation of photovoltaic generations.

A good metric to maintain in photovoltaic module production is that the overall cost
of the module is half of its installation cost, and that the cost of the cells, are likewise
less than half of the module [28]. From this, a logical way to achieve a cheaper module
was to reduce the high material demand of the cells, and the inherent cost associated.
The second generation of cells is then based on thin film technology, marked for their
thin absorber layer. In the order of a couple µm, rather than 100–200 µm of the previous
generation. The trade off, however, was a decrease in efficiency. With a thin substrate the
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efficiencies of the previous generation could not be achieved at first. But counterpointing
the efficiency decrease is ability to utilise other manufacturing techniques such as spray
coating into a thin glass substrate, and other vacuum based methods, requiring overall
lower temperatures in its production process. Their flexibility, that opened up several new
possible applications for photovoltaic cells, such as wearable electronics [13]. Additionally,
in comparison, their reduced energy payback time and green house gas emission [29] make
them an environment friendlier solution. Currently, the initial efficiency drawback is no
longer prevalent, as values above 20% were achieved, with a present record of 23.4% [8].

Third generation photovoltaic cells were built upon thin film technology, but diverged
from the previous, as it was no longer reliant on a standard p-n junction [12], in the sense
that they were built with new and different materials such as organic compounds, hence
the name. Another great improvement achieved in this generation was the ability to tune
band gap energies with composition changes, a key factor in the production of multi
junction cells.

Another interesting point that could be made, regarding solar cell generations, is
that even though technologies share certain aspects between them, especially in the same
generation, the efficiency achieved and interest in cell type vary. Therefore a metric
can be devised to compare research interest and investment. Extracting the efficiency
breakthroughs for each cell type from the NREL chart [8], comparing it with the time
frame, a certain Research Tendency (RT) is noted. As usually, records in efficiency are
correlated with breakthroughs in fabrication techniques, that are only possible if there
is sufficient research on the topic. However, RT alone is not sufficient to assess research
interest presently, as a technology could have had several breakthroughs and than stalled its
improvement. Therefore, another complementing metric is added, RT5, that acts much like
RT, but regarding only the last 5 years. These metrics, when applied to NREL’s efficiency
chart [8] lead to Table 1.

Table 1. Breakthroughs and research tendencies per cell type technology.

Cell Type RT RT5 Top Efficiency [%]
3J (concentrator) 1.385 0 44.4
3J (non-concentrator) 1.000 0.2 39.5
2J (concentrator) 0.211 0.4 35.5
2J (non-concentrator) 0.281 0.8 32.9
4J+ (concentrator) 0.750 0.6 47.1

M
ul

ti
ju

nc
ti

on
C

el
ls

4J+ (non-concentrator) 0.250 0.2 39.2
Single crystal 0.182 0.4 27.8
Concentrator 0.182 0.4 30.5

G
aA

s

Thin film crystal 0.533 0.4 29.1
Single crystal (concentrator) 0.088 0 27.6
Single crystal (non-concentrator) 0.568 0.6 26.1
Multicrystalline 0.405 1.2 23.3
Silicon heterostructures (HIT) 0.550 0.6 26.7

C
ry

st
al

li
ne

Si

Thin film crystal 0.450 0 21.2
CIGS (concentrator) 0.150 0 23.3
CIGS 0.844 0.8 23.4
CdTe 0.533 0 22.1

T
hi

n
fil

m

a-Si:H (stabilised) 0.422 0.2 14.0
Dye-sensitised 0.300 0.4 13.0
Perovskite 1.500 1.6 25.5
Perovskite/Si tandem (monolithic) 1.500 1.2 29.5
Organic 1.200 1.8 18.2
Organic tandem 0.692 0.6 14.2
Inorganic (CZTSSe) 0.500 0.2 13.0
Quantum dot 1.182 1.2 18.1

Em
er

gi
ng

Perovskite/CIGS tandem 1.000 0.6 24.2
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2.1. First Generation
Silicon Solar Cells

From the historical notes sections it is clear that Silicon solar cells have been present
for quite some time. And even with the development of several alternatives to Silicon
based photovoltaic cells, it remains as the most widespread and prevalent photovoltaic
technology today [16]. Silicon is one of the base materials of the first generation solar cells.
Two key factors that contribute for this supremacy is the attractive bandgap energy of
Silicon, at 1.17 eV and the abundance of high quality material, due to an already scaled
silicon based semiconductor production for microchips [30].

To understand the relevance of bandgap energy and its correlation with solar energy
conversion it is necessary first to acknowledge some characteristics of light emitters, in
this case stars. In astrophysics, when a new star is found one of the first studies conducted
is of its emission spectrum, as it contains valuable information regarding its composition
and temperature. Each element produces a unique emission spectrum, a band spectrum,
with each band representing the band energy values of the element. Additionally, as
temperature is linked with particle excitation, the higher the temperature the higher the
particle excitation and that, in essence, reflects particle energy. Taking then the visible light
spectrum as reference. A star with higher surface temperatures will emit a spectrum with a
peak shifted towards the blue side of the visible spectrum, giving it a blue hue. A colder
star, in comparison, will have its emission peak towards the red side of the visible spectrum,
conferring it a red hue. In the case of the Sun’s emission spectrum, its peak is in the visible
region towards green at a wavelength of 520 nm, with good prevalence in yellow and red
wavelengths as well.

In photovoltaic design, the bandgap of the semiconductor absorber defines a range
where the material is efficient at converting the incident photons into charge carries. This,
in combination with the Sun’s emission spectrum determines a range for semiconductor
bandgap energies if a good conversion efficiency is to be expected. In homojunction devices,
this range corresponds to 1.1 eV to 1.7 eV. Silicon, with 1.17 eV is not at the maximum, of
around 1.4 eV, but within this range. Yet, its efficiency is diminished since Silicon is an
indirect bandgap semiconductor, meaning that there is a difference in momentum between
the edges of the conduction and valence band. This difference in momentum, translates to
increased thermalization losses through energy dissipation to the lattice structure of the
semiconductor during recombination. With Auger recombination as the prevalent intrinsic
recombination process [31]. So a direct semiconductor with a higher bandgap value would
be preferable for photovoltaic energy conversion. Additionally, here is where the microchip
industry had a big part in determining the future of photovoltaic cells.

With an already scaled production of high grade silicon wafers, the cost of silicon
was more advantageous than developing a dedicated semiconductor production for photo-
voltaic cells even if Silicon characteristics were not the ideal. Moreover, wafers of lower
grade Silicon, that could not be used for integrated circuits, could be purchased at lower
cost by the photovoltaic industry. As such, semiconductors with more attractive attributes,
for example GaAs, were limited to applications were specific qualities where of greater
importance than cost, as in space, for power sources of satellites.

Since its appearance, crystalline Silicon (c-Si) photovoltaic cells have increased in
efficiency 20.1%, from 6% when they were first discovered to the present efficiency record
of 26.1% [8]. The advances in semiconductor production, needed to increase computing
power of microprocessors, had a direct impact in increasing photovoltaic conversion
efficiency, as bulk defects were progressively eliminated in wafers. However, good bulk
quality is just one requirement for high efficiency cells, there are other factors that limit
module efficiency, so other type of fabrication breakthroughs are also credited for the
increase in efficiency over the years. Notable breakthroughs were, at wafer processing,
multi-wire sawing that allowed for a reduction in material lost, decreasing the overall
cost of the cell [30,31]. Block casting that, even though it results in lower grade wafers of
polycrystalline silicon, is cheaper to produce and assemble into modules [30,31]. Surface



Energies 2022, 15, 1823 7 of 44

texturing, of the top and bottom surfaces to reduce reflection [30–32]. The introduction of an
aluminium back surface (Al-BSF) to decrease rear surface recombination velocity [30,31,33].
Additionally, the development of passivated emitter and rear cell (PERC), to further reduce
rear surface recombination velocity [33,34].

Currently, crystalline silicon cells are responsible for 95% of the global photovoltaic en-
ergy production [16], so their prevalence is clear. However, with the demonstrated increase
in efficiency of thin film solar cells, closely matching c-Si with the added benefit of reduced
semiconductor costs, this figure is expected to change. Moreover, complex architectures
based on heterojunctions have already surpassed c-Si homojunction efficiency records, and
assuming a reduction in production cost as the technology and related processes get more
streamlined, they could play an important role in the future of photovoltaics.

2.2. Second Generation
Cigs

Since Si, the cornerstone of the photovoltaic market has decreased in price in the latter
years, [35,36], new competing technologies have had a hard time gaining a substantial
market presence. To compete with the standard technology, the focus then should be to
target the costly aspects of Si module production and to cater to different applications. A
key aspect to improve comes from reducing the high semiconductor material dependency
and the overall balance of system costs. This was the driving force that led to the appearance
of the second generation of photovoltaics with the use of thin films, which CIGS are part
of [9,10].

Chalcopyrite thin films for solar cells stem from earlier works into development of
GaAs LASER photodetectors, where a full spectrum quantum efficiency measure of a
CdS/CuInSe2 heterojunction pointed to a possible solar cell application [37]. Additionally,
with some modifications, it yielding an initial efficiency of 12% [37,38]. Copper indium
gallium (di)selenide (CIGS), appeared at a later stage, with the introduction of wider
band gap materials in existing thin films, CuInS, in an attempt to increase the open circuit
voltage [39]. The introduction of Ga enabled band gap tailoring by varying the Ga and In
composition ratio in a range of 1.0 eV, in pure CuInSe2 to 1.7 eV, in pure CuGaSe2, usually
appearing in a grading in high efficiency cells [40].

The lower band gaps achieved with composition tailoring, notably the 1.0 eV to
1.1 eV range, opens an attractive route for future applications, as a bottom cell in tandem
architectures. A more in-depth description of multijunction and tandem architectures is
conducted further ahead, but in principle in a tandem architecture two or more junctions
with different bandgaps are stacked in order to increase overall efficiency, by, in essence,
segmenting the solar spectrum with each junction tailored to absorb one of these segments.
So, the low bandgap of CIS and CIGS makes them ideal candidates for tandem architectures,
but further research is still needed in this aspect [40], since currently the record efficiency
for a Perorvskite/CIGS tandem is of 18% [8].

In terms of CIGS manufacturing, the standard fabrication process consists of several
stages of sputtering deposition followed by mechanical or LASER scribing. Firstly, a
layer of molybdenum is deposited on usually a glass substrate by a sputtering process,
forming the back contact. Then, the first stage of patterning, followed by deposition of the
CIGS absorber layer either by co-evaporation or sputtering, finished with selenazation and
sulfurization of precursors. After, a buffer layer is introduced, usually of cadmium sulphite.
Lastly, a TCO layer at front contact is applied to reduce current leakage followed by an
anti-reflective coating. A further description of this process can be found in literature, such
as [9,40–42].

Considering the techniques used in production, a cost reduction can be achieved,
with the use of alternative production processes as roll to roll processing (R2R). In the
case of CIGS, R2R processing consists in a continuous sublayer of polymer on which the
subsequent layers are deposited to form the CIGS [14], in a process much like the described
earlier, only in this case on a continuous flexible substrate. With this technique, large scale
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production of CIGS is feasible, and given that the end product are strips of flexible series
connected cells, that can later on be integrated in rigid or flexible modules, depending on
encapsulation, it allows for a multitude of applications.

There is already a company that makes use of R2R processing, Flisom. The versatility in
integration of the strips is exemplified in their product line, with a standard hard module of
100 Wp, a flexible module of 165 Wp and lastly the strips themselves that allow for a custom
range of power and voltage [15]. Additionally, given the possibility of delivering a roll of
cells up to 3.5 km, projects such as BIPV (Building Integrated Photovoltaic), automotive
and railway integration, that require large areas of solar arrays, become much more feasible.
Moreover, CIGS modules with flexible encapsulation are lighter than standard Si modules,
therefore the weight of modules, the weight of the supporting structure and installation
time required is reduced as well [9,10].

In terms of efficiency, the record for CIGS is 23.4% by Hemholtz-Zentrum Berlin, a
figure that rivals with the best Si cell efficiencies [8]. It should be noted however that re-
search cell efficiencies do not have a direct translation to industrially achievable efficiencies,
due to the nature of large scale processing. Nonetheless, module efficiencies above 20%
are already a reality [9]. The efficiency increase of CIGS cells has been remarkable in the
last years and further increases are expected, following further studies into post deposition
Alkali treatment [40], for example.

2.3. CdTe

Cadmium Telluride, the absorber of CdTe solar cells, is a direct bandgap material
with an energy value of 1.5 eV, ideal characteristics for solar energy conversion. The first
prototype of a CdTe cell is credited to Bonnet and Rabenhorst in 1972, after demonstration of
a working device with 6% efficiency [43]. This figure has, since then, increased considerably,
with the current record value for research efficiencies at 22.1% by First Solar in 2015 [8].
The increase in efficiency has not been steady along the years and can rather be credited to
several fabrication breakthroughs, remaining fairly stagnant in between. Nonetheless, the
technology is still attractive, especially given that it represents the biggest percentage of
thin film modules and has had significant increases in its production at the global scale in
the latter years [16].

Since Cadmium is a natural by-product of zinc refinement, CdTe cells appear as a
way to repurpose an already existing waste into a form of renewable energy production.
A strong argument in favour of its production. However, there are some environmental
concerns regarding the environmental impact of the cells and safety during production as
cadmium is an extremely hazardous heavy metal with known carcinogenic and mutagenic
properties as well as long lasting toxic effects for aquatic life [44]. Additionally, tellurium,
even though not as toxic, still poses an environmental concern to aquatic life and, much
like cadmium, can be fatal if inhaled [45].

In terms of the environmental impact concerns, these boil down to chemical leakage
from damaged cells and modules that could lead to heavy metal accumulation in water
basins or soils and the subsequent poisoning that it would ensue, or alternatively the
air born release of cadmium and tellurium if a fire occurs [43]. As such, several studies
have been conducted to assess the true environmental impact and concerns regarding
cadmium telluride, where it was found that the compound was comparatively less toxic
and more stable than the pure elemental form of its constituents [43,46,47], and that in
normal conditions and foreseeable accidents could be considered a safe way to sequester
the oversupply of cadmium [47].

Regarding CdTe cells, there two main configurations, substrate and superstrate. In a
superstrate configuration, the layers are usually deposited on a soda-lime glass substrate,
with the first deposited layer serving as the front contact. With this configuration, the base
substrate needs to be transparent, a key difference to its alternative, where there is more
leeway in terms of substrate choice. In a substrate configuration, the layer sequence is
inverted, so the base substrate can be a metal foil or opaque polymers, an ideal character-
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istic for the development of flexible CdTe cells since it’s harder to find good conductive
transparent materials for encapsulation. However, despite its apparent constraints, the
superstrate configuration has achieved the highest efficiencies to date [43].

Currently, the main constraint of CdTe cells is the open-circuit voltage (explained
below, on electrical models section) that cripples the efficiency of the cell. Some variations
of CdTe cells have already demonstrated an increase in voltage, obtained through phospho-
rous doping, but there was a significant decrease in current, therefore the overall efficiency
did not increase [48]. However, this poses a possible route to increase efficiency in the
future if the current loss can be mitigated [48]. Since the theoretical efficiency limit for
single crystalline CdTe is around 33% [47], there is clearly room for improvement.

Another interesting capability of CdTe is their reduced dimensions, with its great
spectral efficiency the absorber thickness could be reduced to around 1 µm without major
losses in efficiency [43], although more work is needed. Super thin cells are especially
attractive for flexible applications and BIPV due to their reduced weight, and with the
choice of transparent encapsulation, clear CdTe photovoltaic panel can be developed.
Their transparency varies from around 10% to 50%, with the drawback that increasing
transparency decreases necessarily the efficiency. Nonetheless, transparent panels could be
a substitute for window panels in building, not only generating electricity that could be
used to power themselves but contributing for noise reduction and thermal isolation [19],
as most panels are double glass encased. Moreover, if space is of constraint, as is in the
case of an island, the introduction of transparent CdTe cells could be a good solution to
consider [18].

2.4. Third Generation
2.4.1. Multi-Junction

The intrinsic properties of the semiconductor base chosen, such as bandgap energy
and carrier recombination velocity, represent inherent limitations to the performance of
the cell. Consider silicon, the most prevalent material in photovoltaic cells, it has a band
gap energy of approximately 1.11 eV, therefore only incident photons of equal or higher
energy value will lead to the formation of charge carriers, and even so there are still
thermalisation and recombination losses to consider. As only part of the solar spectrum
meets the needed energy requirements for carrier formation, for a given semiconductor,
the limitation becomes apparent. This limit, with an estimation of 29.4% [33,49], for silicon-
based homojunction solar cells is the well known Shockley–Queisser limit.

With the objective of reducing thermalisation losses and increasing efficiency, several
approaches can be considered. One approach would be to tailor the incident radiation with
a specific material, for example by using a prism and pairing each band with the adequate
substrate. This approach, even though used in some concentrator photovoltaic devices
like a photovoltaic mirror or a spectral splitting device like a dichroic mirror [50], is not a
common and practical solution.

A common solution is the multi-junction or tandem architecture, that consists in
stacking different substrates with decreasing band gap energies, from top to bottom, so
that photons of decreasing energy values are absorbed by the different layers as they
penetrate the cell structure, thus achieving a sort of band selectivity [7,28,51,52]. With
this solution, it is possible to overcome the previous value of the Shockley–Queisser limit.
The theoretical maximum efficiency value of this architecture is approximately 85% for an
infinite number of junctions with perfect substrate pairing [53,54] under concentration, and
to approximately 65% under one sun [52–54].

For multi-junction cells, even though band gap energy is of paramount importance in
the choice of materials for the layers, the lattice constant of each one must be considered
as well, as the production of a stack with materials with different lattice constants can
lead to dislocations in the structure, which promote the appearance of nano fractures in
the grid and cause parasitic losses, compromising performance. To reduce these effects,
compositionally graded buffers (CGB) are introduced between mismatched layers so that
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the transition is smoothed, and this is achieved by varying the composition of the buffer
layer along its thickness so that it better matches the lattice constant of the two junctions
at the extremities, albeit small dislocations are still present [55]. One would think that
there is no advantage in producing lattice mismatched devices, since not only is the
fabrication process harder and material quality must also be partly compromised, however,
the introduction of lattice-mismatched junctions is a flexible direction for achieving the
desired bandgaps and opens the possibility of utilising a larger selection of materials.

In terms of nomenclature, when a multi-junction device has all the layers with the
same lattice constant, it is known as lattice matched, otherwise it is lattice mismatched or
metamorphic [7].

Stacked structures are usually monolithically grown in a substrate with the layers
connected in series by tunnel junctions. If the process starts from the layers with the highest
band gap energies towards the lowest, then the structure is grown in an inverted manner.
This would be the preferred process, for example, if the top layers were lattice matched and
the rest were not, achieving therefore a inverted metamorphic multi-junction device [51,52].
In the lattice matched case, the layers would be deposited in a thin substrate of low band
gap energy that would serve as the bottom junction. The latter has the advantage of
requiring fewer steps to completion, since in the case of the inverted configuration a handle
must be bonded for structural support to then remove the substrate on which the structure
is grown. The costs of these extra steps can be mitigated however, as the removed substrate
can, in some cases, be recycled or reused [52].

The other approach to building stacked structures is by mechanically stacking the
sub-cells and bonding them with transparent conductive bonds. This approach has the
advantage of individually fabricating the sub-cells, ensuring the perfect conditions for
cell growth.

The selection of the fabrication process is linked to the desired terminal configuration.
There are two main design types, two-terminal and four-terminal [33,50]. In the second
case, the mechanically stacked approach is required in order to obtain the four external
terminals, two from each sub-cell. The two-terminal configuration is achieved usually by
monolithically growing the cell.

In the two-terminal configuration all the layers are connected in series, this poses
some technical challenges as the output current of the device is limited by the junction
with the lower value. Not only that but the fabrication process introduces more challenges
since each material require certain conditions in order to maintain their properties, and by
monolithically growing the layers careful manipulation is required in order to preserve
them, making the overall process laborious. This is not the case however for the four-
terminal configuration, as the top and bottom sub-cell not only are grown separately,
but can also be operated independently from each other, reducing the cell’s sensitivity
to spectral variations. Nonetheless, the two-terminal configuration may still have some
advantages in terms of efficiency, assuming an optimisation of the optical properties of
the sub-cells is achieved, since the transparent bonds used for stacking, the additional
transparent contacts still introduce significant parasitic absorption losses [33] and, hand in
hand with the freedom that the additional contacts provides, comes the added cost of the
necessary control electronics.

2.4.2. Perovskite

The first prototype of a halide perovskite-based solar cell was first demonstrated in
2009, with a conversion efficiency of 3.8% [28,50,56,57]. Regardless of its low efficiency at
the time, the prototype sparked an interest in the technology, and the research that followed
was fuelled by the pursuit of a cheaper non-silicon based photovoltaic cell.

Halide perovskites have an ABX crystalline structure, pictured in Figure 2, where
A and B are cations, with +1 and +2 charge respectively, and a X anion, with −1 charge.
The distinct advantage that perovskite has is the ability to replace in its structure the
halide component, X, and A cation to obtain different band gap energies, while maintain-
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ing a tolerance factor that ensures a stable crystalline structure [56]. With this property,
a multitude of pervoskite materials can be synthesised, with bandgap energies in the
range 1.5 eV to 3 eV.

Figure 2. ABX crystalline structure model.

This bandgap tunability with compositional changes makes perovskite an ideal candi-
date for heterojunction applications, especially in tandem architectures. Carefully tailoring
the band gap energies of each substrate is a key factor in tandem photovoltaic cell design.
Therefore, perovskite can be a way to undercut cost, by substituting costly layers while
maintaining the desired bandgap.

A full tandem perovskite structure is a rather different challenge, since low bandgap
energy perovskite is still lacking. A recent improvement in fabrication techniques allowed
for the development of perovskite with bandgap energies in the range 1.2 eV to 1.3 eV,
leading to a laboratory efficiency record of 21% on a four terminal tandem architecture [58].
A two terminal solution poses a more complex problem in terms of processing and layer
bandgap restriction, as denoted by its record efficiency of 17% at the moment [58]. Pairing
perovskite with another type of substrate, as Si, creating the so-called Hybrid tandem,
would allow the architecture to reap the benefits of the already established technology as
well as the lower bandgap energy of Si, while improving the overall efficiency.

A hybrid solution, as described earlier, would retain some of the cost benefits of thin
film processing and could potentially lead to an efficiency cost solution better than III–V
compounds based tandems, as even though they are the record holder in terms of cell
efficiency, but are also extremely expensive, limiting them to space applications where
performance, rather then cost, is the main factor of choice.

There is still a long way to go until a viable commercialisation of the technology,
since several factors plague the lifetime of the cell, jeopardising module feasibility. Due
to the nature of the compounds used, especially in organometallic hybrids, the cells are
sensitive to oxidation and humidity, resulting in cells with unstable performances, as
evidenced in [59], where in the span of approximately one month, degradation of the
perovskite materials could easily be observed. Additional steps in cell encapsulation can
mitigate these reactions, but represent a costly addition. A common perovskite hybrid,
CH3NH3PbI3, that showed great promise with high efficiencies and low cost of production,
suffers from structural instability at typical operational temperatures [11,23,50]. Recently,
improvements in thermal stability have been achieved with the use of different compounds
and techniques by Bush et al. [60], passing the necessary International Electrotechnical
Commission (IEC) design qualification testing protocol 61,215, that consists in a damp
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heat test with 85% ambient humidity at 85 °C for 1000 h. Marking an important milestone
for the technology and its future commercialisation. Currently, the record cell efficiency
stands at 29.5% achieved in a Perovskite/Si tandem by Oxford PV [8], this figure although
remarkable is still far from the theoretical maximum of the architecture [57], therefore
future improvements in efficiency are expected [8,10,11,13,57].

2.4.3. III–V Alloys

As mentioned before, solar cells were first utilised as a power source for space flight
applications with the satellites Vanguard 1 and Sputnik 3, in the late 1950s [1,2]. The first
cells were Si-based and presented low efficiencies, in the order of 6% [2]. However, it was
an important achievement, propelling its research further, aiming for higher efficiencies
and lifetimes, that would in turn allow for longer space missions.

Extraterrestrial PV cell applications are rather challenging, this is due to the harsh
environmental conditions that outer space poses, ranging from space debris, micro sized
meteorites, vacuum, high energy particle bombardment, strong electric fields, extreme
temperature cycles, a different light spectrum, to several others [7,61,62]. These extreme
conditions lead to increased degradation of the semiconductor properties, compromising
cell lifetime and efficiency [7,10].

GaAs appeared as an alternative to Si, in the 1960s, as it demonstrated higher thermal
stability and radiation hardness. Since these were critical factors for space applications
of solar cells, not long after, GaAs modules were being employed in the Venera 2 and 3
missions [1,2], marking one of the first usages of III–V cells.

Since the main constraint at launch is the device weight, the high end of life efficiencies
of III–V cells could leverage its higher production cost. However, in the broader universe of
photovoltaic energy production, energy cost is usually the determining factor of choice. A
large area application, as in a standard flat-plate module, represents a heavy investment cost,
since typical values for high efficiency III–V cells are in the order of 10 $/cm2 [7]. As cell
area is a key factor in the overall cost of the module, alternative pathways like concentrated
photovoltaics (CPV) could be detrimental for future earthly III–V cell applications, as the
reduced surface area needed allows for the use of more complex and expensive cells.

In Concentrated Photovoltaics, mirrors or lenses are typically used to focus the incom-
ing radiation on a receiver, that in turn are designed for a certain level of concentration,
ranging from just above 1 sun, in Low Concentration Photovoltaics (LCPV), to 2000 suns
and higher in High Concentration Photovoltaics (HCPV) [25,63–70]. Longitude and latitude
as well as the time of the year play an important role in CPV design. In order to assure a
precise focus of the incoming radiation on the receiver, different reflector designs are chosen
for a given geography. Additionally, given that the relative position of the Earth regarding
the Sun also changes during the year, the modules are usually accompanied with a solar
tracking system, especially in HCPV [25,63–70]. The added costs of the solar tracking
systems, the needed cooling systems, more so in higher levels of concentration, and the
added device complexity can offset the benefits of reduced cell area, so the choice is once
again in terms of the intended application. Nonetheless, CPV is an interesting alternative
for III–V cells and it is at concentration that the highest recorded to date efficiencies were
achieved [63–70]. Currently, the record efficiency is 47.1% at 146 suns, on a six junction
IMM cell by NREL [52], with prospects of improving it closer to the 50% mark.

Another pathway that has been explored recently is the combination of III–V alloys
with Si in multijunction architectures. The premise here is to make use of the low bandgap
of Si, ideal for the last junction of such devices, offsetting some of the cost of a full III–V
multijunction device [7,33]. The challenge then becomes the lattice difference between
the usual III–V alloys and Si. There are several possible terminal solutions and growth
methods, as evidenced in a previous section, however, some have proven better than others.
A two terminal architecture, with direct growth on Si, places more constraints in terms of
choice, and so far the efficiencies obtained still lack in comparison, with a present record of
just 22.3% in a three junction device [71], behind several c-Si cell efficiencies [8] and with
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much added complexity. The use of a smart stack has shown great promise and might be
an inexpensive and practical solution for future applications. Smart stacking is a bonding
method that employs a metallic nanoparticle array as a means to reduce resistivity and
optical loss in the bonded interface, and this configuration achieved an efficiency of 30.8%
on a triple junction device, and 32.6% in LCPV at 5.5 suns [72].

3. Solar Cell Working Principle

The working principle of a solar cell is based on the photoelectric effect, as presented on
Figure 3: under illumination, electron-holes pairs are generated and due to local electrical
field forces (p-n junction field), holes and electrons go to opposite sides. For that reason, a
higher potential difference appears on the semiconductor. Different photovoltaic effects
can be identified and categorised depending on the origin of the local electrical fields [73].

In the case of a solar cell, the predominant photovoltaic effect that may be of study is
the p-n junction. In a p-n junction, an electrical field is oriented from the n to the p side,
but it only exists in a thin region, known as transition region (grey region on Figure 3 with
width d). It is this electrical field that may separate electron from holes, leading to a positive
potential difference (voltage) from the p to the n side of the junction [73].

That voltage is observed even when the junction is not connected to any other electrical
circuit (null current), being known as open circuit voltage VOC. In the same way, if a short-
circuit is established between both semiconductor terminals (null voltage), carriers will
follow through it, from n to p region. That electrical current is known as short-circuit
current, ISC.

Figure 3. Diagram of a p-n junction solar cell.

Expression (1) relates both current and voltage on the p-n junction. It has two terms:
one related to the semiconductor behaviour under illumination (Iph ≈ ISC) and the other
associated to the observed current when a voltage is applied, where Iis is the reverse
saturation current of the p-n junction (of the diode) or also known as dark current (on
photovoltaic applications), n is the junction non-ideality factor and uT is the thermal voltage
described by Expression (2) for a certain temperature T, knowing the Boltzmann’s constant
K and the electron charge q [25,74,75].

I = Iis

(
e

V
n uT − 1

)
− Iph (1)
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uT =
K
q

T (2)

Expression (1) is only valid for the arrow directions pointed on Figure 3, where it is
assumed that all the applied voltage V drops in the transition region. This assumption
relies on the fact that resistance outside the transition region and on ohmic contacts may
be neglected.

Another fact is that Iph will depend on the illumination conditions, on the device
structure as well as on the used semiconductors. A quite intuitive analysis is based on
the assumption of a uniform monochromatic illumination with a constant photoelectric
generation rate Gph of electron-hole pairs and weak injection. Based on the minorities
densities evolution in function of the distance, for both n and p regions, and on the diffusion
equation for both carriers on the interfaces between the transition region and the others, it
is possible to determine the short-circuit current. Expression (3) is valid for Wp >> Ln and
Wn >> Lp and Expression (4) is valid for Wp << Ln and Wn << Lp, where Ln,p are the
diffusion lengths, Wn,p are the region widths and A the section area.

Iph = qGph
(

Ln + Lp
)

A (3)

Iph = qGph
(
Wn + Wp

)A
2

(4)

However, using the voltage and current directions of Figure 3 the junction is only
generating power for a positive value of voltage and a negative current (otherwise it is
dissipating energy). It is also quite interesting to verify that without illumination (Iph = 0),
it is impossible to produce power, since for a positive voltage and a negative current, the
current is near the value of Iis and the determined power is so low, almost impossible to
obtain it in reality.

Thus, since the goal is to study the junction as solar cell, it is possible to invert a priori
the current signal from Expression (1), leading to Expression (5). Then, in photovoltaic
applications Expression (5) is the used one, and power is produced when both voltage and
current have positive values. Additionally, the short-circuit current will be renamed as pho-
togenerated current Iph, since that partial current may exist for other load resistance values.

I = Iph − Iis

(
e

V
n uT − 1

)
(5)

4. Electrical Models

Models are important because they allow us to represent the working principle of
some device in certain conditions and under particular assumptions. In this case, solar
cells have two output variables (voltage and current), an input variable (irradiance: radiant
flux, power, received per unit area) and several internal parameters. These parameters will
change depending on what the model is representing and what are the phenomena to be
modelled [65,70,74–76].

Based on the working principle presented on previous Section 3, the first electrical
model is obtained by gathering in parallel an independent current source and a diode, as
illustrated on Figure 4. The load will also be in parallel with those electrical elements.
The current source is defined as independent because its value will be constant in a
given situation to be modelled. However, its value is dependent of the incident radi-
ation. The diode is modelling the p-n junction itself. Then, the model on Figure 4 represents
the simplest model of a solar cell, characterised only by three parameters (Iph, n and
Iis). These parameters may change, as it will be presented below, depending on exter-
nal conditions, for instance temperature or irradiance. The name given to this model is
1M3P, one model of three parameters, or also known as 1D3P model, one diode and three
parameters [65,70,74–76].
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Figure 4. Electrical equivalent circuit of a solar cell: 1M3P.

Expression (5) describes mathematically the relation between the output current and
the output voltage of the solar cell. The expression may be the origin of the electrical circuit
and vice versa, using Kirchhoff’s Voltage Law (KVL) and Kirchhoff’s Current Law (KCL).

Figure 5 illustrates an I(V) curve obtained from Expression (5). Since the solar cell
generates a DC power, the load circuit can be represented as a simple resistance, R. For a
certain I(V) curve, the solar cell operating point Q is the one that is the intersection between
that characteristic curve and the load line. In Figure 5, the characteristic curve (in blue)
with the representation of the short-circuit current ISC and the open-circuit voltage VOC is
observed, as well as the (DC) operating point Q defined by a given voltage V and current I,
that have to follow the Ohm’s law for the load resistance [65,70,74–76].

On Figure 6 is exemplified a P(V) curve for a solar cell. The output DC power is
computed multiplying current and voltage P = I × V and it is commonly presented as
a curve in function of the output required/produced voltage. On the figure it is also
marked the maximum power point (MPP), which is the point where the solar cell is
producing the maximum power. However, as explained on the previous paragraph, the
produced power will depend on the output current and voltage, established for a given load
resistance [65,70,74–76].

Figure 5. Example of a I(V) solar cell characteristic (blue) and a graphical solution of its operating
point Q for a load resistance R (red).



Energies 2022, 15, 1823 16 of 44

Figure 6. Example of a P(V) solar cell characteristic (blue) and the graphical definition of the
maximum power point (red).

Expression (5) can be shaped to obtain the characteristic points. As analysed before, the
short-circuit current is modelled to be approximately the photogenerated current. Applying
V = 0 on Expression (4), the previous statement is described by Expression (6). Similarly,
Expression (7) results from Expression (5) applying I = 0, i.e., the open assay.

ISC ≈ Iph (6)

VOC = nuT ln
( Iph

Iis
+ 1
)

(7)

There is also the possibility to determine the maximum power point outputs, there-
unto it is necessary to compute the point where the graph derivative of Figure 6 is null.
Since there is only one point and also it is known that it is the maximum of the power
function, Expression (8) is obtained from Expression (5). Expression (9) results directly from
Expression (8), and allows us to determine the maximum power point voltage. Applying
that value on the model Expression (5), the current value is obtained, as described on
Expression (10) [65,70,74–76]. Multiplying both values, the output DC power is calculated
and the maximum power point is fully determined.(

dP
dV

)
|V=Vmax = 0 −→ Iph +

(
Vmax

nuT
+ 1
)

Iis e
Vmax
nuT + Iis = 0 (8)

Vmax = nuT ln

 Iph
Iis

+ 1
Vmax
nuT

+ 1

 (9)

Imax = Iph −
(

Iis

(
e

Vmax
nuT
−1
))

(10)

Other parameters are nonetheless important to analyse and compare solar cells. The
cell’s efficiency η and its Fill Factor FF are important quantities that are usually presented
when characterising the photovoltaic cell performance.

The cell’s efficiency is defined as the ratio between the output produced power and the
incident (input) one. Then, to determine the cell’s efficiency for a certain load resistance, it
is necessary to compute the maximum power point, as described before. The input power,
which is not an electrical quantity, is obtained using the irradiance. The irradiance Ginc,
which is the radiant flux (power) received per unit area, multiplied by the active area of the
solar cell, gives the amount of power that is incident on it [65,70,74–76]. Expression (11)
presents these relations.

η =
Pmax

Pinc
=

ImaxVmax

Ginc Aactive
(11)



Energies 2022, 15, 1823 17 of 44

Additionally, on Expression (12) is presented the mathematical description of the Fill
Factor. FF is the ratio between the maximum generated power and the product between the
open-circuit voltage and the short-circuit current [65,70,74–76]. It allows us to obtain a first
sight of the cell perfection. A perfect p-n junction has an I(V) characteristic that is a perfect
rectangle, leading to a FF = 100%. However, FF can be used to compare other cells types,
such as multi-junction, resulting generally in smaller values than a single p-n junction.

FF =
Pmax

VOC ISC
=

Vmax Imax

VOC ISC
(12)

Having an I(V) characteristic as the one illustrated on Figure 5 allows for an extrap-
olation of the values of n and Iis, respectively, using Expressions (13) and (14), which are
deduced directly from Expression (5). To perform that, two different points should be used,
(V1; I1) and (V2; I2). Different values may be obtained, since different points will lead to
different approximations. Therefore, the points chosen should have different values of
current and voltage [65,70,74–76].

n =
V2 −V1

uT ln
( I2−Iph

I1−Iph

) (13)

Iis =
Iph − I1

e
V1

nuT

=
Iph − I2

e
V2

nuT

(14)

1M3P model is the simplest equivalent model of a solar cell. It fits on a simple p-n
junction solar cell, and it can be used for other technologies, but it will start to be more
inaccurate. Nonetheless, it is possible to improve the 1M3P model by adding some loss
parameters. In Figure 7 is the next equivalent model, commonly known as 1M5P. This is an
improvement from 1M3P, where two different resistances are added [23,70,74,75].

Figure 7. Electrical equivalent circuit of a solar cell: 1M5P.

First, since p-n junctions have leakage currents, to the 1M3P model an additional shunt
resistance is added. This leakage current corresponds to power losses that can be computed
as Psh = Rsh I2

sh, Rsh being the shunt resistance and Ish the equivalent leakage current.
Additionally, another resistance is placed in series with this circuit. This series resis-

tance, Rs, denotes the power losses related to the junction and Ohmic contacts. The power
losses can be computed as Ps = Rs I, with I as the output current.

Using the above mentioned circuit laws, Expression (15) is deduced [23,70,74,75].

I = ISC − Iis

(
e

V−Rs I
nuT − 1

)
− V + Rs I

Rsh
(15)

By multiplying the output voltage and current, the output power is obtained. On
Figures 8–11 are I(V) and P(V) curves simulated for different values of Rs and Rsh.
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Figure 8. Example of I(V) curves for different values of Rsh: the effect of the shunt resistance on the
current–voltage characteristic.

Figure 9. Example of P(V) curves for different values of Rsh: the effect of the shunt resistance on the
power–voltage characteristic.
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Figure 10. Example of I(V) curves for different values of Rs: the effect of the series resistance on the
current–voltage characteristic.

Figure 11. Example of P(V) curves for different values of Rs: the effect of the series resistance on the
power–voltage characteristic.

Similarly to what is performed on 1M3P to obtain the maximum power point, on the
1M5P scenario, Expression (16) leads to the determination of the maximum power of a
solar cell as well as its correspondent current and voltage. Furthermore, Expression (17) is
deduced from Expression (15), imposing the Condition (16) [70,74–76].

(
dP
dV

)
|V=Vmax = 0 −→ Imax +

− (Rsh ISC−VOC+Rs ISC)e
Vmax+Rs Imax−VOC

nuT

nuT Rsh
− 1

Rsh

1 + Rs(Rsh ISC−VOC+Rs ISC)e
Vmax+Rs Imax−VOC

nuT

nuT Rsh
+ Rs

Rsh

Vmax = 0 (16)

Imax = ISC −
Vmax + Rs(Imax − ISC)

Rsh
−
(

ISC −
VOC − Rs ISC

Rsh

)
e

Vmax+Rs Imax−VOC
nuT (17)
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In Figures 8–11 are I(V) and P(V) curves simulated for different values of Rs and Rsh.
However, to better understand the influence of these resistances on the characteristics,
Expressions (18) and (19) should be deduced.

The first one results from the calculation of the I(V) curve slope near the short-circuit
point. The conclusion is that the slope of the I(V) curve is lower for solar cells with higher
shunt resistance. This statement can be related to other solar cell specifications. For instance,
the higher the shunt resistance, the more imperfect the junction is and consequently, the
lower the FF. In a lossless model, as 1M3P, it’s implied that Rsh = ∞. Then, if the slope
decreases (is always different from zero and decreases as the resistance increases) the FF will
decrease too, and the I(V) curve shape will diverge from the ideal rectangle [65,70,74–76].

Similarly, Expression (19) leads to the conclusion that near the open-circuit point the
I(V) slope is influenced by Rs. In the same way, the higher the slope, the lower the resistance.
It is in accordance with the 1M3P, the lossless model, where Rs = 0 [65,70,74–76].

dI
dV
|I=ISC = − 1

Rsh
(18)

dI
dV
|V=VOC = − 1

Rs
(19)

These added resistances have an effect on the other quantitative indicators as well,
such as FF, which can be re-calculated using Expression (20), where FF0 is the fill factor
value determined using Expression (12) [33].

FF = FF0

(
1− Rs ISC

VOC

)(
1− VOC

Rsh ISC

)
(20)

These previous models allow us to represent the electrical performance of solar cells,
for instance p-n or p-i-n solar cells. For more complex solar cells, other models may lead
to better results. For instance, models with several diodes must be designed to consider
additional loss phenomena. Additionally, several cells’ models may be connected in order
to represent a module or solar panel [65,70,74–76].

An example of these more complex models is the one illustrated on Figure 12, 1M7P
or 2D7P [33,74]. In this case, not only the losses through recombination are being taken into
account as are the losses through diffusion, that once more can be simulated by a current
subtracting from the photogenerated current Iph, hence the additional diode in parallel [33].

Figure 12. Example of I(V) curves for different values of Rs: the effect of the series resistance on the
current-voltage characteristic.

The expression for the output current of the photovoltaic cell depicted in Figure 12 is ob-
tained through the same process as before, by a node analysis, resulting in
Expression (21) [33,74]. Additionally, in this case, Expression (20) may be used to de-
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termine the fill factor, since these added losses will be included on calculation of the initial
fill factor value (FF0, without resistances losses).

I = Iph − Id1 − Id2 − Ish = Iph − Iis1

(
e

V+Rs I
n1uT − 1

)
− Iis2

(
e

V+Rs I
n2uT − 1

)
− V + Rs I

Rsh
(21)

Similarly, by applying the short-circuit and open-circuit limits to Expression (21), the
resulting expressions for the ISC and VOC can be obtained as expressed, respectively, on
Expressions (22) and (23).

ISC = Iph − Iis1

(
e

Rs ISC
n1uT − 1

)
− Iis2

(
e

Rs ISC
n2uT − 1

)
− Rs ISC

Rsh
(22)

VOC =

(
Iph − Iis1

(
e

VOC
n1uT − 1

)
− Iis2

(
e

VOC
n2uT − 1

))
Rsh (23)

5. Photovoltaic Panels Layout

The previous 1M3P and 1M5P may represent the electrical stationary performance of
a p-n or p-i-n solar cell.

Cells may be connected in series or parallel to optimise the amount of produced power
and in order to adjust output power, current and voltage to the other components of a
photovoltaic system.

In Figure 13 is an illustration about the complexity evolution when associating photo-
voltaic cells. The solar cell is the simplest unit, and when connected with others, they form
a photovoltaic module. If the complexity of that association increases, one should defined
it as a photovoltaic power. Several panels connected are known as an array, and if there are
several panels or arrays connected, one should obtain a photovoltaic generator, farm or
park [77,78].

With the evolution of photovoltaic technology, these definitions tend to disappear,
meaning that all of them tend to be the same. However, the photovoltaic industry commonly
uses these definitions to separate them regarding some technological specification. For
instance, it is possible to categorise these using the amount of generated power. The solar
cell produces less power then a group of them (module). The module produces less power
then a group of modules, a panel, and so on. Thus, what are the values that separate each
one? If the definition is based on current and voltage, the problem remains, therefore a
definition based on groups of cells, modules and so on is more straightforward. Some
protection (as Bypass or Blocking diodes, which are going to be studied after) are added
on the modules and panels to prevent certain problems and to keep production, even
that partially. Usually, these protections are a great way to separate different modules
of a panel, for example. Additionally, other system components might be needed on
some photovoltaic system (as inverters, solar trackers, maximum power point trackers or
batteries). The way they are connected may rely on a certain power optimisation and then
it is possible to differentiate these definitions. It can be possible to visualise some different
array combinations on Figure 14, where this intuitive notion might be used [77,78].

Figure 13. Distinction about different photovoltaic architectures: from a cell to generators and parks
(adapted from [77]).
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Figure 14. Different cells associations and modules configurations (adapted from [78]).

Analysing simple and general associations and assuming that all cells are equal and
they have an equal performance, it is possible to create a simple cells association in a form
of a k×m array, as illustrated on Figure 15.

In this case, the output power of this association (module, panel or array) is
Ptotal = N × Pcell , being N the total number of cells (N = k×m) and Pcell the output power
of a single solar cell. Using KVL and KCL, it is possible to obtain that Itotal = m× Icell and
that Vtotal = k×Vcell , using identical nomenclatures. These relations might be important
when sizing projects, since panels must be linked to some other device that may have input
voltage or current specifications, and for that reason one should size these values inside
that range.

Figure 15. A schematic of a k×m photovoltaic module.

The assumption of all cells having the same performance can be overcome using
electronic fundamentals. Placing several devices in series, their current must be the same.
However, in the case of solar cells, they may be able to produce different currents. Then, the
current that flow on that series is the smallest one produced by those devices. Furthermore,
the series voltage is the sum of all (and maybe different) values of each device. Similar
statements can be written for a parallel association. The voltage of a parallel association
must be the same. When different devices produce different voltages are connected in
parallel, the output voltage (and consequently the one in each device) will be the smallest
one from those produced. Moreover, the output current is the sum of all (and maybe
different) currents from each device. These principals may be used to size the project for a
general k×m array.
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Different associations as the ones illustrated on Figure 15 are important to mitigate
problems related to difference cells performances, such as due to shading on solar cells
(analysed on the following sections).

6. Temperature and Irradiance Effect
6.1. 1M3P and 1M5P Models

Temperature and irradiance are two inseparable variables and their impact on the cells’
performance should be analysed together. It should be noted that the referred temperature
is the modules one, although its variation is linked to the environmental temperature.

To analyse how this effect is represented by 1M3P, there are three assumptions that
should be considered. Firstly, the ideality factor n is constant and does not vary with the
temperature, T, neither with the irradiance, G, and consequently n = nre f . Secondly, since
the reverse saturation current is also the dark current, it is assumed that this current Iis does
not depend on the irradiance and then Iis = Iis(G, T) = Iis(T). Thirdly, the photogenerated
current (the short-circuit current is approximately equal to that) will not depend on the
temperature, which is a statement experimentally proved from the photoelectric effect and
consequently, ISC = ISC(G, T) = ISC(G) [74,75].

On the other hand, this effect is only evaluated in terms of variation, meaning that one
should have the values at a given temperature and irradiance.

Considering these assumptions, Iis(T) and ISC(G) may be determined using, respec-
tively, Expressions (24) and (25). In the first one, it is also necessary to know the energy
bandgap of the cell’s material, Eg [65,70,74–76].

Iis(T) = Iisre f

(
T

Tre f

)3

e
Eg
n

(
1

uTre f
− 1

uT (T)

)
(24)

ISC(G) =
G

Gre f
ISCre f (25)

Then, using expression of 1M3P and substituting these two expressions on those, it is
possible to obtain current, voltage and power values, for every resistive load value.

On the case of 1M5P, it is also assumed a linear dependence between short-circuit
current and irradiance, as described by Expression (25), as well as a logarithmic dependence
on the open-circuit voltage, as presented on Expression (26) [65,70,74–76].

VOC(G) = nuTre f ln

 G
Gre f

IphRs −VOC(G)

Iisre f Rsh

 (26)

Based on that, Expressions (27) and (28) are obtained, by replacing it on the model
equations. Moreover, as verified, these are the only two parameters that are modelled hav-
ing temperature and irradiance influence. On the 1M5P model, the other three parameters
(n, Rs and Rsh) are not influenced by temperature neither by irradiance.

Iis(G, T) =
(

ISC(G)− VOC(T)− Rs ISC(G)

Rsh

)
e
− VOC(T)

nuT (T) (27)

Iph(G, T) = Iis(G, T)e
VOC(T)
nuT (T) +

VOC(T)
Rsh

(28)

Some times for controlled conditions, temperature contribution can be separated
from the irradiance. It is usually the way manufactures give the information regarding
temperature effect, as the irradiance level is made to be that of the Sun, under AM1.5
spectrum, as a control basis [65,70,74–76].

For a given temperature and irradiance, a group of temperature coefficients alpha are
previously determined (for instance, by the manufactures and set on datasheets). Each
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cell’s output parameters has a correspondent temperature coefficient, as presented on
Expressions (29)–(31), for the short-circuit current, open-circuit voltage and output power.
These coefficients are real values (sometimes also dependent on temperature and irradiance)
that might be positive or negative since those output variables may vary positively or
negatively with temperature. These formulas are only valid for a linear variation, meaning
that if the correct dependence is not linear, one should linearise this dependence at a
reference temperature, and it is valid for small variations [65,70,76].

ISC(G, T) = ISC(G, Tre f )
(

1 + αI(G, Tre f )
(

T − Tre f

))
(29)

VOC(G, T) = VOC(G, Tre f )
(

1 + αV(G, Tre f )
(

T − Tre f

))
(30)

P(G, T) = P(G, Tre f )
(

1 + αP(G, Tre f )
(

T − Tre f

))
(31)

Moreover, manufactures also use some standard conditions to test their solar cells.
There are two quite common ones: STC (Standard Test Conditions) and NOCT (Nominal
Operating Cell Temperature).

STC are defined by a module temperature of Tre f = 298 K (25 °C) and an incident
irradiance on Gre f = 1000 W m−2 (on AM1.5 spectrum, which will be discussed after).

NOCT conditions appeared since usually on the field photovoltaic modules work
at quite high temperature. Then, NOCT is defined as the temperature reached by that
photovoltaic panel, when it is open-circuited and under an air temperature of Tair = 293 K
(20 °C) and an incident irradiance on Gre f = 800 W m−2 (on AM1.5 spectrum). In this case,
Tre f is not standardised as STC, but Tre f is presented by the manufacture.

6.2. Experimental Analysis

Temperature will not have the same impact on every type of solar cell, affecting
them in different ways, both in overall performance and in specific solar cell’s parameters.
Furthermore, 1M3P and 1M5P (and its temperature scenarios) might be too simple models
for some solar cells, since they are more appropriated for single p-n (or p-i-n) junctions.

Then, experimental data should be analysed, in order to verify these ideas.
On monocrystalline silicon solar cells, an increase in temperature will slightly increase

the short circuit current and it will decrease the open circuit voltage and maximum power
and efficiency [79]. Polycrystalline silicon solar cells behave very similarly to monocrys-
talline cells, the only difference being that they perform slightly worse in warm weather.

Unlike crystalline solar cells, amorphous silicon solar cells cannot be characterised
by temperature coefficients since the temperature dependence is typically non-linear and,
in fact, some amorphous solar cells may even have an increase in efficiency for a certain
range of temperatures higher than 25 ºC [80]. They tend to have better performances at
high temperatures than crystalline solar cells [81] and, unlike those solar cells, the fill
factor and short circuit current show significant increases with an increase in temperature.
Amorphous cells tend to have relatively little temperature dependence once they are
operating in a balanced state, however, they will have a strong temperature dependence if
the photovoltaic system experienced a sudden increase in temperature.

Multi-junction solar cells experience the typical decrease in open circuit voltage and
maximum power, with the increase in temperature, although this decrease will not be
as pronounced as is the case in single junction cells, making them a good choice for a
photovoltaic system that is expected to operate in high temperatures. When it comes to
the short circuit current, the increase in temperature can cause either a decrease or an
increase in the value of the short-circuit current depending on which layers are used in the
multi-junction cell [81].

With an increase in temperature in a CIGS solar cell, there will be a slight decrease in
the short circuit current, fill factor and quantum efficiency, and a significant decrease in
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open circuit voltage accompanied by a decrease in the output power and efficiency [82].
In order to lower the negative impact the temperature will have in a CIGS cell, it is also
possible to install a luminescent down shifting (LDS) layer on top of the photovoltaic
material, which will improve the performance of the CIGS cell for high temperature.

An increase in the temperature of a CdTe cell causes a slight increase in the short circuit
current and a decrease in the open circuit voltage, fill factor, maximum power and efficiency.
For CdTe solar cells, the temperature coefficient for the open-circuit voltage extremely
similar to that of silicon-based cells [83], however, the overall efficiency coefficient is less
pronounced, meaning that CdTe solar cells are not as affected by an increase in temperature
as either monocrystalline or polycrystalline solar cells.

For organic solar cells, the open circuit voltage decreases almost linearly with the
temperature, while the short circuit current will increase slightly with it until it reaches
a maximum value of saturation and will subsequently decrease [84]. Unlike most types
of solar cells, in organic cells the efficiency will actually increase with the temperature up
until about 320 K, after which it will decrease [85].

Perovskite solar cells based on CH3NH3PbI3 have been found to exhibit hysteresis in
the I(V) characteristics, meaning that the parameters and efficiency of the solar cell will be
different depending if a forward scan (short circuit to open circuit) or a reverse scan (open
circuit to short circuit) occurred. An analysis of the photovoltaic parameters in relation
with the temperature, shows that hysteresis is observed at the temperature range of −20 ºC
to +55 ºC, with a particular mismatch for the values of the open-circuit voltage and of the
fill factor. For both parameters, a reverse scan results in higher values and consequently
the efficiency will be higher if a reverse scan occurred than it would be for a forward
scan [23,50,60,86].

Lead sulphide (PbS) Quantum Dot (QD) solar cells experience a decrease in the open
circuit voltage, fill factor and efficiency, with an increase of the temperatures above. The
short circuit current and the diode ideality factor, on the other hand, do not seem to be
affected by the temperature [87]. In the case of a heterojunction quantum dot solar cell,
where titanium dioxide is used as the compact layer and PbS QD as the absorbing layer,
there was a decrease in the open-circuit voltage, short-circuit current and efficiency, with
an increase in the temperature [88].

A study [82] showed that for an increase in temperature, from 300 K to 360 K of a
CZTS cell there was a linear decrease in the open circuit voltage and efficiency and a slight
increase in the fill factor and short circuit current. Compared with CIGS cells, CZTS solar
cells tend to have better behaviour at high temperatures, as their normalised output power
(and therefore their conversion efficiency) is higher than in CIGS cells.

With an increase in temperature, the short circuit current of the GaAs cell will increase,
the open circuit voltage will decrease, and the fill factor will be almost entirely independent
of the temperature. When it comes to the short-circuit current, its temperature coefficient
will more pronounced than in monocrystalline silicon cells, meaning that the short-circuit
current will grow more with the increase in the temperature of the cell. For the open-circuit
voltage with the increase in temperature of the module, it will not decrease as much as the
mono-Si cell, with the temperature coefficient being less than half it usually is in mono-Si
cells [89].

Unlike most types of cells, in dye-sensitised solar cells, the recombination process in
the active layer of the cell is roughly the same up until the temperatures of 40 ºC [90]. This,
in effect, means that the efficiency of the DSSC will only start to decrease when the cell
will reach this temperature. The open circuit voltage will decrease with the temperature,
having a more pronounced decay for temperatures higher than 40 ºC, since, from that point
on, the recombination will increase. The short circuit current seems to remain the same for
all temperatures.
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6.3. Cooling Methods

Having already established the negative impact that the temperature will have on the
performance of photovoltaic systems, some solutions are now reviewed, intended for the
reduction of this negative effect.

Photovoltaic/thermal (or PV/T) collectors are units comprised of a photovoltaic
system, which will convert sunlight into electricity, and a solar thermal collector, which will
convert sunlight into thermal energy [91]. By using a PV/T collector, it is possible not only
to cool the photovoltaic system, but also to extract the unnecessary heat produced by the PV
system, which will then be converted into useful energy. A typical PV/T collector consists
of a PV module which is installed on top of a heat absorber on top of an insulator. The waste
heat produced by the photovoltaic system will be transferred to a heat transfer fluid. The
heat transfer fluid can be a gas or a liquid which is responsible for cooling the photovoltaic
module, transporting and storing the thermal energy. Depending on the heat transfer fluid
used, the PV/T collectors can be broadly divided into two following categories: PV/T air
collector and PV/T liquid collector [91–93]. PV/T air collectors have several advantages,
the main one being that they are relatively cheap and easy to manufacture. They also do
not require any thermal collecting materials attached to the PV system. On the other hand,
since the air has a low heat capacity and low heat conductivity, the heat transfer will not
be very pronounced and consequently the PV/T air collectors will not have a very high
efficiency. PV/T liquid collectors are more efficient than PV/T air collectors, since the
liquid used (typically water) has a higher heat conductivity and heat capacity, resulting
in a higher volume of heat transfer and consequently an increase in the efficiency of the
system. Some disadvantages include higher manufacturing cost and maintenance. Unlike
PV/T air collectors, however, in PV/T liquid collectors, it is possible for the liquid to boil
or freeze, which will impact the efficiency of the system or for there to be leakage of the
fluid which will cause damage to the collector [91–93].

Another method that may be used to cool the photovoltaic system, and thereby
increase its efficiency, is the installation of phase change materials (PCMs) on the back of
the solar panels. PCMs are substances that undergo a reversible transition of phase (usually
between the solid and liquid states), while absorbing or rejecting heat in the process. PCMs
have the advantage of having several times more heat capacity than water or air based
systems and are able to store heat which can subsequently be used for other purposes [94,95].
They also have the added advantage of being able to delay the temperature rise in the
photovoltaic system without any electricity consumption or requiring maintenance. Some
of their disadvantages include a large initial investment, corrosiveness, and the fact that
they tend to perform better in hot climatic conditions [94,95].

On the other hand, solar panels can be immerse in a body of water. This technique
has some advantages as well as some drawbacks. Aside from the natural effects that the
cooling will have on the efficiency of the photovoltaic system, immersing the panel in
water will also cause a reduction in the light reflection which will prove beneficial for
the efficiency [95,96]. Immersing the solar panel in water is an efficient and environment-
friendly process, although consideration also as to be taken, since the complexity and cost
of this cooling technique can be quite high. The efficiency of the submerged solar panel
will also not be as high during cloudy days and the prolonged exposure of the panel to
ionized water will eventually decrease its maximum efficiency [95,96].

A similar method to the water immersion is the cooling of the solar panel by the
continuous flow of water over the front surface of the panel (where light is incident on
and then module temperature should be higher). This technique will not only reduce the
temperature of the panel, but also, due to the refractive index of the water, the refection
losses of the panel [97]. Unlike the water immersion method, to implement this method, a
pump is necessary, to transport the water from a tank that is located below the photovoltaic
module into another that is located on top of the PV system. This continuing water flow has
the added advantage of, while keeping the solar panel cool, also making it clean from dust
and other particles that negatively affect the performance of the panel. Additionally, like the
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water immersion method, water spraying of the solar panel is not the most overall efficient
technique since the excess heat generated by the panel, and cooled by the water, will not
be used for other applications. This cooling method will also require a higher degree of
maintenance and a higher cost due to the pumping power that will be necessary to ensure
the cooling of the panel. The front surface of the photovoltaic module may be covered by
a visibly transparent photonic crystal thermal blackbody, where the main constituent of
the photonic material will be silica SiO2. When this blackbody is placed on top of the solar
panel, it will reflect heat generated by the panel, while, at the same time, not negatively
affecting the sunlight absorption [98]. Unlike photovoltaic thermal collectors or PCMs,
however, this cooling method does not take advantage of the heat generated, although the
use of a transparent blackbody over the panel has the advantage of being economically
feasible and not requiring any additional space.

Another technique is to attach a thermoelectric cooling (TEC) module to the rear of
the panel. A TEC module is an energy converter made up of two different semiconducting
thermo-elements which are wired electrically in series and thermally in parallel. When
a voltage is applied to the TEC module, an electric current will flow through the device
which will cause a transfer of heat from one side of the TEC module to the other side, so
that one side of the TEC module will be cooler while the other side will be hotter. The
“hotter” side will be connected to a heat sink which will dissipate the thermal energy
into the environment. Using a thermoelectric cooler to decrease the temperature of a
photovoltaic system has some drawbacks, the main ones being the fact that TEC modules
will consume more power than most cooling systems, while at the same time, having a low
conversion efficiency rate. On the other hand, TEC modules have the advantage of being
more economical than other cooling systems. They also have the added benefit of being
noiseless in operation, having no moving mechanical parts, having a long working life and
requiring little maintenance [99].

7. Cell Degradation

The profitability of a project is of paramount importance for investors, so certain
metrics are taken into consideration when assessing the viability of a project. In energy
production, one of the metrics used to assess a project is the levelised cost of energy (LCOE,
explained on the following sections), that gives, in essence, the energy cost of the intended
installation, factoring in the investment costs and its rated capacity, resulting in a figure
that allows for an estimation of the profit given the expected lifetime [22,24,100,101]. For a
conventional energy production method, the maximum capacity is usually constant during
its lifetime, for photovoltaics, however, that is not the case, since the cells suffer an ageing
process that reduces their overall performance. Therefore, a crucial step in planning is
projecting the capacity of the installation during its life time [100–103].

Photovoltaic modules have an insurance of their performance, of roughly 25 years,
the assumed lifetime of the module. In this time frame, the manufacturer ensures a
maximum loss of efficiency per year or a minimum value of efficiency at the end. To put
it into perspective, a module is regarded as degraded if efficiency is lower than 80% of
its initial value [10]. An estimation on the performance loss is challenging, since it has to
account for several factors ranging from manufactured induced imperfections to weather
damage [100–103].

A common cause that leads to a loss in efficiency is the formation of cracks in the
semiconductor or module connections over time [10,77,101,104]. This degradation is caused
by different factors at different stages, leading to damages of varied magnitudes as well. De-
fects induced during the manufacturing process usually occur in wafer cutting, or module
assembly. During transport, securing the panels is key, as the loads during transportation
can fracture the modules and cells, if not conditioned properly. Lastly, environment dam-
age, on site, that can be exacerbated if proper maintenance is not conducted [10,77,101,104].
The crack position on the photovoltaic cell or panels is also important [10,101,104]. Cracks
may occur on the semiconductor or on the metal contacts or buses that connect different
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cells on a given module. The efficiency loss is usually high when these connections are
also damaged.

Regarding wafer cutting, with a slurry wire sawing method, for example, the damage
to the semiconductor is in the form of micro cracks, that display a random distribution and
average depths of 10 µm to 20 µm [105]. From the manufacturer’s standpoint, reducing
damages during production is always attractive since it leads to higher product reliability.
In this sense, reducing the depths of the micro cracks could be achieved if an alternative
cutting method is chosen. Considering alternatively diamond wire cutting, the damage
induced in this case is more extensive but periodical. The scratching of the grits forms the
cracks, with depths on average of 2 µm to 13 µm [105]. These cutting grooves reduce the
maximum stress tolerance of the wafer, if a load is applied in accordance with the grooves,
while conversely increasing it if applied perpendicularly [105].

During module assembly, if the connections of a cell are imperfect, the increased
resistance of the contact causes the dissipation of energy through heat transfer to the
surroundings, as per Joule’s law. In this case, that particular area of the cell is subjected to
higher temperature values and a hotspot is created. A similar process occurs if there is a
current miss match in a string of cells (caused by a defect or for instance by some effect as
shading, constantly and without circuit protections) [10,17,77]. The defective cell limits the
string maximum current to its maximum value, and if not bypassed, a reverse bias occurs
and power starts dissipate in the cell, ultimately developing a hotspot [17,77].

The local increased temperature induces an asymmetric dilation of the materials, and
glass breakage can occur [10,17,77]. Even if the dilation is not sufficient to cause fractures in
the glass, cracks can form in the cells and other materials. Moreover, the gaps between the
contact and the cell give rise to the formation of small arcs [77], further degrading the cells.

Weather conditions also play an important role in module degradation, credited up to
30% of failures [105]. Due to weather conditions, some degradation types may occur, such
as delamination, discoloration, corrosion or bubbles [10,77,105].

The loss of adhesion of the various layers that constitute a photovoltaic cell is com-
monly known as delamination. Its main consequences are related to the increasing of
reflected light, which leads to a decrease in absorption [10,77,106]. Bubbles are identical to
delamination. Their main difference is the amount of affected area. Bubbles are usually on
the top encapsulant layer, and they are confined at small volumes [10]. Another scenario is
discoloration, which consists of the colour modification, mainly on the top material (usually
the encapsulant layer EVA, Ethylene Vinyl Acetate). Its consequences are identical to de-
lamination, mainly the reduction of absorbance. Some studies already reported a reduction
of 6% to 13% of the short-circuit current (photogenerated current) [106]. Additionally, corro-
sion is a quite common problem. Materials, namely metals, on the photovoltaic panel may
be affected, leading to increased leakage currents and efficiency reduction [10,11,77,106].

For colder climates, the accumulation of snow in the panel induces surface loads, that
if not accounted for can fracture the glass cover and the cells. Hail is another concern, as the
impacts with the panel can result in fractures, partially or totally insulating the area near the
impact zone [10,77,105,106]. The thermal cycle that the module endures during a day and
throughout a year promotes fractures and cracks, as previously referred that may lead be
associated to the module fostering delamination and corrosion due to moisture infiltration.

Conversely, high surface temperatures promote accelerated degradation of the en-
capsulation, resulting in discolorations or, with the loss of adhesion, the development of
bubbles [10,77,105,106].

Radiation induced degradation is yet another concern, usually in space applications,
as energised charged particles damage over time the semiconductor wafer of the cells,
reducing their efficiency. Highly energised particle bombardment, prevalent in space,
demands a certain radiation hardness of the cells, a characteristic often overlooked for
normal applications at the surface. Earth’s magnetosphere shields the surface from an
number of high energy particles, trapping charged electrons and protons in two belt regions,
known as the Van Allen belt. The atmosphere also plays an important role in radiation
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filtering, for example, in the ozone layer where UV radiation is absorbed by splitting
oxygen molecule bonds [7,10,62,77,105].

The energised striking particles induce ionisation and atomic displacements in the
semiconductors, modifying their crystalline structure. Atomic displacement is the most
damaging, as it gives rise to carrier trapping and recombination centres. The displacement
fosters point defects in the lattice such as vacancies, interstitials and anti-sites. For reference,
an impacting 1 MeV electron is accredited for leaving a vacancy and an interstitial in the
lattice [62]. These point defects give rise to intermediate energy bands, lower than the band
gap energy of the semiconductor, effectively reducing carrier density and lifetime [62].
Therefore, any positioning manoeuvre or orbit that crosses one of these belts results in a
significant power conversion efficiency loss. A critical aspect that can undermine a mission
longevity and compromise its objectives.

8. Wavelength Selection Effect

Solar radiation, that is, the energy emitted by the sun in the form of electromagnetic
waves, is not the same elsewhere.

“The sun provides more energy in four hours than the human race consumes in all
forms in an entire year” [107], however, only a part of it reaches Earth’s atmosphere, AM
0 spectrum (or also known as extraterrestrial spectrum). Due to different phenomena on
this essential layer for our existence as human kind (for example absorption), the spectrum
that reaches the surface is standardised for a clear sky distribution (AM 1.5) as presented
on Figure 16. Thus, the Earth’s atmosphere acts as a filter on the incident radiation. This
standard is quite important since the spectrum will depend on the geographical position
(longitude and latitude), weather conditions and sun–earth position (for instance, at night
the spectrum should be null, at least on the visible region). AM comes from Air Mass,
and all of the spectrum conditions are specified [23,25,108–110]. Other important spectra
should be considered, especially for different planetary regions and countries [108–110].

However, what is important to note is that the irradiance (used for instance on models)
is dependent on the incident wavelength and then, by varying the incident spectrum, the
outputs may also vary.

Figure 16. Solar irradiance spectrum: AM0 and AM1.5 spectral irradiance.

Moreover, not only the direct radiation is incident on panels. As illustrated on
Figure 17, several types of radiation might be defined. In this figure are presented three:
1- albedo; 2- direct; 3- diffuse. Thus, radiation may pass through different media before
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reach the active area of a solar cell. For that reason, all the environment should be analysed
before the implementation [25].

Figure 17. Main radiation types that may be incident on a photovoltaic solar cell.

On the top of it, different materials will absorb on different regions, and then some cells
will work better or worse at different locations. Cells’ responsivity is a way of measuring it.
It is like an optoelectronic efficiency, and it gives us the amount of current (electronics) per
incident optical power (optics) for each wavelength.

Crossing the incident light spectrum with the responsivity one, it is possible to extrap-
olate the amount of generated power [7,9,61].

On typical responsivity curves, it is noticeable that a-Si has its responsivity peak on
the visible region, near the peak of solar irradiance of Figure 16. Then, a-Si solar cells
are excellent to absorb the visible radiation from the Sun. However, there is still energy
spread throughout the ultraviolet and infrared regions. For that reason, other solar cells
are also important. As previously referred, other technologies do not work properly on
Earth, but they are relevant in other applications, such as in space. Furthermore, some
technologies absorb in infrared, meaning that they are useful, for instance, to generate
energy at night [109–111].

Additionally, these curves are normalised, but in order to generate more current (and
consequently energy), the peak should be as high as possible. On the other hand, the
higher the bandwidth of this responsivity is, the higher the current will be. Since it is
a spectral response and usually sources emit at different frequencies/wavelengths, one
should account with an higher generation [109,111].

The responsivity is usually defined as Expression (32), however, this linear dependence
between input optical power and output electrons current is not valid along the entire
spectrum. Responsivity has a linear behaviour from small incident wavelengths to the
wavelength correspondent to the energy bandgap of the material [112]. Above this value,
its value is null, since photons energy is smaller than the bandgap (there is no absorption).

S0 =
Ielectrons
Pphotons

=
qηext

h f
(32)

On Expression (32), ηext is named external efficiency and it is the ratio between the
electron–hole pairs generated per time and area units with the number of absorbed photons
per time and area units. These quantities might be also deduced and compared with others
from semiconductors theory, related to the electron–hole pairs generation ratio.
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ηext =
Jil/q

Iopt/(h f )
(33)

9. Shading Effect

A quite regular problem on large-scale photovoltaic parks is shading effect. When a
cloud passes on the top of the panel or when a branch of a tree stands on the top of a panel,
some cells on the panel will have less incident radiation than others [70]. Something as
illustrated on Figure 18 happens. This shade may be partial or total. On the other hand,
even that large-scale photovoltaic parks shading effect should be an important topic of the
sizing analysis. In Figure 19 is illustrated an example of shading between two solar panels.
The size of projects with this architecture may also have an analysis about the shading that
panels create on others in different sun hours (direct incidence angles) [24,25,70].

Figure 18. Schematic of a partially shaded photovoltaic panel.

Figure 19. Example of a usual shading scenario on photovoltaic parks.

Since the photogenerated current is proportional to incident irradiance and mostly
it is a linear relation, it may be stated that a fully shaded cell does not generate current
and a partial shaded cell will generate a current proportional to the unshaded percentage
of the cell (for example, a cell with 35% of shading will generate only 65% of the possible
current) [65,70,76].

Thus, the information presented in Section 5 regarding determination of the current
and voltage in certain cells association must be considered.

A cell series will generate a voltage that is the sum of all of them, but the current will
be the smallest one. Similarly, a cells parallel will produce a current that is the sum of all of
them, but the voltage will be the smallest one [65,70,76].

Then, some protections are usually added on the photovoltaic design. One of the most
common are Bypass Diodes (BP Diodes). These diodes are in parallel with a group of cells,
reversed biased, such that when their current is quite small in comparison with the other
groups one, the BP diode will conduct (it will be activated by the current) and that group
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will be off. The output current will be the smallest one from the others, since that shaded
group is not working. As soon as the group starts to produce useful current, the BP diode
will be cut off [65,70,76].

This BP diode helps us to distinguish what is a cell from what is a module and a panel.
A certain photovoltaic panel will have several modules, each one with a BP diode. In this
photovoltaic module, there are several cells.

Moreover, in high power technologies, for instance to be used on photovoltaic parks,
this BP diodes are specially important since they not only prevent power reduction, but also
cell degradation. Hot spots may occur when unshaded cells try to imposed their current on
shaded cells [10,65,70,76].

The activation of BP diodes is visible in I(V) and P(V) curves. On Figure 20 is presented
an example. The activation of BP diodes leads to curves in steps. In this case, N cells are
connected in series, in groups of with N1, N2, N3 and N4 cells. Additionally, currents are
different in each group (different levels of shading), the first having the highest value and
the fourth the lowest one. Furthermore, it is assumed that all cells are equal, meaning that
they should produce the same current and the same voltage (having the same I(V) curve)
in usual conditions. Parallel connections are neglected or compressed in the groups, so that
only a group of components in series is visible. Here, the independent variable is voltage.
Thus, when load requests a voltage lower or equal than N1VOC, only the first group of cells
is producing energy. All the others are off (their BP diode is activated). Only when more
energy is demanded by the load, i.e., the load resistance increases and consequently its
voltage too, the second group is activated for a voltage higher than N1VOC and lower than
(N1 + N2)VOC. The second group starts to produce energy, because its BP diode was cut
off, due to the voltage increase. This approach may be used to complete the analyses for
the other steps [65,70,76].

If these BP diodes were not in this solar panel, this I(V) curve and consequently the
related P(V) characteristic should be null. The number of cells connected to a BP diode
should be size, considering the diode characteristic, namely its maximum voltage and
current [65,70,76].

Figure 20. Typical example of a I(V) characteristic when bypass diodes are active due to different
shading levels on a photovoltaic panel.

Another important protection in shading is the Blocking Diode (BD). This diode is
usually connected in series with a module or panel. The function of this diode is to keep
the energy flow to outside the panel. A solar cell is a p-n junction. It can work as active



Energies 2022, 15, 1823 33 of 44

element (generating energy), but it may also work as a passive element (dissipating energy).
For instance, assuming the voltage and current directions as assumed on previous sections,
the solar cell only produce energy when both voltage and current are positive. Otherwise,
it is dissipating energy as a resistance. This BD ensures that the device is producing energy
or it is cut off. This BD prevents the solar cell acting as a dissipative device. It should be
sized in order to cut the cell from the circuit before it reaches the passive mode [65,70,76].

Besides that, since shading is a usual phenomenon in daily life, the project sizing
should also focus in ways of preventing it. In Figure 14 are presented some cells configu-
rations that might be used to mitigate shading effect. Depending on the cells technology
and materials, weather and environmental conditions as well as on other devices on the
photovoltaic system, different configurations might be helpful to mitigate this phenom-
ena [65,70,76].

10. Implementation and Practical Considerations for Photovoltaic Installations

To size a photovoltaic system, several factors must be considered and optimisation
tools are an important key for success. There are several devices that should be included
on the system and other that bring some benefits and one should be considered in terms of
its trade-offs between costs and advantages. It is already possible to generate at orders of
GWh on photovoltaic parks, but it is necessary to have other devices such as inverters (to
convert DC power from the panels to AC, in order to be injected on the grid), solar trackers
(to track and optimise solar radiation incidence), maximum power point trackers (MPPT,
to track the maximum power on a I(V) curve and ensure that panels are generating the
maximum possible energy) and batteries (to storage the surplus energy). Each one has also
its own technological evolution and thus, every advancement in those technologies is a
great improvement and opportunity for photovoltaic systems [18,19,113].

As previously referred, photovoltaic technology started to have the main goal of pro-
ducing energy. However, nowadays, since there are already simple photovoltaic solutions
to produce energy (even everyday devices, such as bag-packs, wristwatches, traffic signals,
public illumination, agriculture water pump, among others) the goal has been changed
to how to generate energy (electricity) in a more environmentally friendly way (green
energy) [13,114]. This means that the goal is to generate energy from renewable sources, as
photovoltaic ones, with less financial and ecological costs.

Considering these, after approximately seven decades after the solar cell presenta-
tion in 1954, there are studies for the implementation of total renewable sources (highly
dominated by photovoltaic technology). As examples there are studies about the imple-
mentation not only in important buildings (such as educational, governmental buildings or
company) [19,24,92,115,116], but also with the intention of reducing fossil energy in insular
areas/regions [18,113], such as islands or specific communities. In these kind of studies,
different technologies must be used in order to have redundancy and obtain the best per-
formance possible in different situations. In the following subsections, it will be studied
how photovoltaic panels may be installed and how their project should be evaluated both
from an financial and ecologically standpoint.

10.1. Installation Methods and Solutions

When it comes to the method of installation, photovoltaic systems can be divided in three
categories: Ground Mounted systems, Building Applied and Building Integrated systems;
each one having some advantages and disadvantages, as enumerated on Table 2 [114–119].

Ground Mounted systems consist of photovoltaic panels fixed onto metal structures at
ground level. Inclination and orientation are easily optimised, maintenance is easy, and it is
even possible to remove dust and dirt from the panels’ surface by hand. The natural airflow
at ground level offers a free cooling system that enhances performance during warmer
months. The usual configuration of photovoltaic parks.

Building Applied Photovoltaic (BAPV) systems consist of securing photovoltaic mod-
ules onto the roof or facade of a building using a metal structure. They are a lay-on,
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addictive system that is ideal to improve the electrical performance of finished construc-
tions [115–117,119,120].

Building Integrated Photovoltaic (BIPV) systems replace conventional building ma-
terials, meaning they are a part of the building itself. Examples of BIPV solutions are
photovoltaic windows, photovoltaic roof tiles and pavements [18,19,115–120].

Table 2. Advantages and disadvantages of ground mounted, BAPV and BIPV systems.

Method Ground Mounted Building Applied
Photovoltaic (BAPV)

Building Integrated
Photovoltaic (BIPV)

Advantages

(1) Easy access for repairs
and maintenance;
(2) Optimizable tilt and
orientation;
(3) Better airflow.

(1) Easy installation on
pre-existing buildings;
(2) Well established solution;
(3) May offer additional
thermal, light, noise
and water insulation.

(1) Highly customisable
and visually pleasing;
(2) May offer additional
thermal, noise and
light insulation;
(3) More secure against
theft.

Disadvantages

(1) Ground foundations are
costly and time consuming
to build;
(2) Safety issues (accessible to
animals and children);
(3) Takes up ground space;
(4) Very visible.

(1) Easily damaged by
strong wind;
(2) Installation can damage
the building’s structure.

(1) Bound to the surface
tilt and orientation;
(2) May reach higher
temperatures due to
poor airflow;
(3) Novelty application.

BIPV and BAPV solutions can be applied to a variety of surfaces carrying out different
functions. The main ones are enumerated and described on Table 3 [115–120]. Furthermore,
some panels for BIPV and BAPV solutions are already being fabricated at different colours
and having different transparencies, meaning that it is already possible to combine the
aesthetic and the technological point of view [120].

Shading PV solutions consist of an add-on structure that supports any type of photo-
voltaic panel that generates energy and provides shade on a facade. Common applications
of shading photovoltaic systems are external louvres (vertical and horizontal) and grilles.

Rainscreen cladding consists of attaching an outer skin of rear-ventilated cladding to a
load bearing facade wall. This construction solution is used as a substitute for traditional
render that is applied over masonry external walls to protect against moisture. The air gap
between the masonry and the outer skin of the rainscreen promotes ventilation, keeping
the external walls dry and providing thermal insulation. The cladding material of the
rainscreen can be substituted by PV panels.

Curtain walls are non-load bearing walls, usually aluminium-framed, containing
in-fills of glass, metal or photovoltaic panels. Curtain walls can be installed on vertical and
sloped walls and their load is supported by the load bearing components of the building
facade (floors and columns). Unlike rainscreen cladding systems, curtain walls offer no
rear ventilation which can lead to lower photovoltaic output power. There are two types
of curtain walls: stick systems (erected on site) and unitised systems (prefabricated in
the factory).

Double skin facades appeared as an improvement of the single skin glass facade.
Double skin facades consist of two fixed glazing walls enveloping a building with a
significant air gap between them (20 cm to 2 m). The outer skin can be easily replaced by
transparent or semi-transparent solar panels.
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Table 3. Methods of integrating photovoltaic systems on buildings.

Shading BAPV

(1) Commonly used as louvres that
can be fixed or adjustable;
(2) Passively limits solar gains;
(3) Possible issues with strong
wind loads and vibration;
(4) Can be placed on external
walkways for easy access.

Roof Mounted BAPV

(1) Optimizable tilt and
orientation;
(2) High visual impact,
(3) Require drilling in the
structure;
(4) Well established.

Facade Mounted BAPV

(1) Might not be approved by
the condominium’s assembly;
(2) High visual impact;
(3) Conditioned orientation
and tilt;
(4) Structure is bolted into
the wall.

Rainscreen Cladding BIPV

(1) Can only be applied on load
bearing vertical walls;
(2) The air gaps offer space
for wiring;
(3) Easy to upgrade traditional
systems to PV technology;
(4) Air gap offers a natural cooling
system for PV panels.

Curtain Wall
Stick System BIPV

(1) Suitable for low rise buildings
due to scaffolding;
(2) Easy replacement of modules;
(3) Some modules need to be made
to measure;
(4) Assembled on site.

Curtain Wall
Unitised System BIPV

(1) Suitable for low and high
rise buildings;
(2) Can be installed from inside
the buildings (no scaffolding);
(3) Wiring is concealed in frame by
the manufacturer;
(4) All components are made to measure
by highly skilled professionals.

Double Skin
Facade BIPV

(1) Suitable for see through facades;
(2) Offers sound, solar and thermal
insulation;
(3) Ventilation can be natural or
mechanical;
(4) Each skin is composed of unitised
modules assembled together on site.

Atria and Canopies BIPV

(1) Optimizes floor space usage;
(2) Have to be weather-tight;
(3) Risk of condensation on the
inner side of the panels;
(4) Hight heat losses in the Winter
and gains in the Summer.
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An atrium is a skylight covered space surrounded by a building. It can be horizontal,
vertical, sloped or curved. Photovoltaic modules can be integrated into the vision area of the
skylight by replacing the glazing panels from photovoltaic modules of all types (transparent,
semi-transparent or opaque depending of the desired effect). These modules have to be
carefully installed to avoid water leaks and especially treated with high-performance
coatings. Photovoltaic modules can also be integrated into the spandrel area of the skylight.
These can be opaque panels since they are not in the see through surface of the skylight.
Canopies are overhead roofs or structures with a fabric or metal covering. They are very
common in open air parking lots and balconies. The coverings of these structures can be
replaced by rigid or flexible solar panels of various degrees of transparency.

Beyond the installation on buildings or parks, due to recent capability to fabricate
flexible and miniaturised solar cells, it is already possible to attach cells on small portable or
wearable devices [13–15]. This leads to others possible applications. Wearable applications
are a future objective, meaning that in the near future it will be possible to power portable
electronics using solar radiation, such as smart watches, smart phones or laptops, since
most of these devices require very small voltages to function properly. Furthermore, some
researchers are focused to develop textile from these photovoltaic materials. Others focused
on layer deposition on top of a textile substrate kind of approach. Dye-Sensitised Solar
Cells (DSSC) and Organic Solar Cells (OSC) are technologies with this capacity.

In these cases, the project viability should be analysed as in any other case, and even
the final product cost will be low.

10.2. Project Financial Viability Indicators

When performing the financial evaluation of a project, it is necessary to determine
the present value of future cash flows. This is done through the discount rate, which is
mathematically described by Expression (34). The discount rate is the opportunity cost of
capital (as a percentage of the value of the capital). The opportunity cost of capital is the
return on investments forgone elsewhere by committing capital to the investment under
consideration. The nominal discount rate is a function of three parcels: inflation rate (T1),
risk-free rate of return (T2), and equity risk premium (T3). However, assuming that the
rate of inflation is the same for all costs, the inflation rate does not have to be taken into
account [24,121].

DR = ((1− T1)(1 + T2)(1 + T3))− 1 (34)

Hence, the real discount rate (%) is a function of two parcels (risk-free rate of return
and equity risk premium). The risk free rate of return represents what the investor would
expect from a risk free investment over a period of time, therefore, the yield of the Treasury
bond is a good approximation for the risk free rate of return. Equity risk premium refers
to the extra return available to investors that opt for a project with associated risk [121].
The higher the risk, the higher the equity risk premium and therefore, the higher the real
discount rate.

Another indicator is the Net Present Value (NPV), presented on Expression (35), which
represents the difference between the present value of cash inflows and the present value of
cash outflows, over a period of time. On Expression (35), I0 is the initial investment, which
is considered to be done in year 0, and a discount rate DR is applied to the annual cash
flows until the end of the project’s lifetime n. Furthermore, Rt is known as revenue or cash
flow on time t.

NPV =
n

∑
t=1

Rt

(1 + DR)t − I0 (35)

A NPV of less than zero (NPV < 0) means that the project is expected to result in a
net loss for the investors. At NPV greater than zero (NPV > 0) the investors should expect
profit. If NPV = 0, the project is not expected to bring profit nor loss, so the investors should
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make a decision about the project only considering non-monetary factors such as goodwill
or helping the planet.

Additionally, the Payback Period (PP) is the times it takes to recover the cost of an
investment and it is defined generally for uneven cash inflows by a expression identical
to Expression (36), where A is the last year with a negative cumulative cash flow, B is
the absolute value of cumulative cash inflow at the end of Year A, and C is the total cash
flow during the year after Year A. A shorter payback period means the investment will be
”repaid” faster, hence the project is more interesting for the investor. The payback period is
a very simple indicator that does not include money value updates (discount rate).

PP = A +
B
C

(36)

Other important indicator is the Levelized cost of energy (LCOE), which describes the
cost of each unit of power generated over the lifetime of the project. This indicator does
not account for interest rates and does not include the discount to present value. It can be
calculated by Expression (37), where I0 is the initial investment, O&Mt is the operations
and maintenance costs during a single period t (assumed to be constant on it), n is the
number of time periods that correspond to the project’s lifetime, and Et is the total energy
generated during a single period t.

LCOE =
I0 + ∑n

t=0 O&Mt

∑n
t=0 Et

(37)

There are other two essential indicators, the IRR (Internal Rate of Return) and the
ROI (Return on Investment), respectively, defined by Expressions (38) and (39).

IRR is essentially the discount rate that makes the NPV equal to zero. This means that
it is the break-even discount rate.

ROI is the ratio between the net benefit/profit of a project and the amount invested.

0 =
n

∑
t=1

Rt1

(1 + IRR)t − I0 (38)

ROI =
Net bene f it

Total Investment
(39)

All these indicators help us to understand if the money used on a certain project will
return to us under a given time frame. Since all devices have guarantees, it should be
analysed if the project return time is lower than the guarantees of every component of the
system. Maintenance costs should also be extrapolated and used in this sizing.

10.3. Project Environmental Viability Indicators

A renewable energy source may not be as green as intended or imagined, since
usually the environmental impact of fabrication and after the cells lifetime is not con-
sidered. Alongside with financial indicators, an environmental impact study should
always be prepared. Then, they are a quite interesting knowledge field. Nowadays,
it is not only important to have high efficiencies but also to have the smallest possible
footprint [9,10,22,23].

Different indicators can be used to evaluate the environmental impact of photovoltaic
modules. Two important indicators are the Energy Payback Time (EPBT) and the calculation
of the Greenhouse Gas (GHG) emission. These indicators are often used considering all the
processes from the manufacture, the installation, transportation and recycling [9,22].

EPBT is determined using Expression (40). It is a ratio between the necessary energy
to manufacture, to install and to maintain the panel and Emanu f acture, the yearly generated
energy by the panel. As it is possible to note, the higher the EPBT is, the higher environmen-
tal impact the project will have and then, this indicator will tend to give us a worrisome
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perception. This indicator give us the idea of how many years the panel must be actively in
production to offset the cost of its own fabrication [9,16,22].

EPBT =
Emanu f acture

Egeneratedyr

(40)

In the same way, GHG indicator is commonly presented in the form of Expression (41),
which is the ratio between the emitted GHG during all the panels lifetime, from the fabrica-
tion until its recycle, and its total generated energy during its lifetime. Then, the higher the
GHG is, the higher environmental impact the project will have [9,22].

GHG =
GHGemitted
Egeneratedtotal

(41)

Similar to that, it is possible to extrapolate the Carbon Balance (in tons) using
Expression (42), which give us the idea of how green can be the total produced energy on
the panels life time in comparison with the “environmental CO2 cost” of producing that
energy using other source. Egeneratedyr is the yearly energy generated by the photovoltaic
system (usually in Wh or similar), n is the project’s lifetime in years as well as LCEgrid and
LCEsystem are the grid and photovoltaic system Life Cycle Emissions (usually in gCO2/kWh
and tCO2, respectively) [24].

Carbon Balance =
(

n× Egeneratedyr × LCEgrid

)
− LCEsystem (42)

The materials used in solar panels are often toxic chemicals, rare substances and materi-
als with high embedded energy value (e.g., silicon, glass). These materials can be recovered
from solar panels and recycled through a combination of physical and chemical treatments.

PV Cycle is a European not-for-profit organisation that is the first to establish a pho-
tovoltaic recycling process and photovoltaic waste logistics. PV Cycle recycling process
achieves 96% recycling rate for c-Si photovoltaic modules. After separating the c-Si photo-
voltaic module frame, junction box and cables, the materials are shredded and sorted via
laser vibration before being sent to specific recycling processes. Solar World uses a thermal
process to eliminate the plastic components of the Si modules, leaving the glass, cells and
metal to be manually separated and sent to other recycling facilities. This process results in
the recovery of more than 84% of the module weight and up to 98% unbroken cells. First
Solar recycles CdTe photovoltaic panels by mechanically shredding the panels into smaller
pieces, chemically treating the glass and then separating it from the larger ethylene vinyl
acetate (EVA) pieces, via a vibrating screen. This method sends 90% of the glass and 95%
of the semiconductor materials to be used in new applications. Since Cadmium can the
harmful to humans, some concerns are raised about the possibility of contamination in case
of fire on a CdTe domestic power plant. CdTe is contained within the molten glass when
under flame temperatures of 760–1100 °C [13,20,21].

High-value recycling is the foundation of the Waste Electrical and Electronic Equip-
ment Directive (WEEE Directive). This directive became European Law in February 2003
and ensures that potentially harmful substances will be contained, rare materials will be
recovered, materials with high embedded energy value will be recycled, and that recycling
processes will consider the quality of recovered material. WEEE Directive proposes two
financing schemes (individual pre-funding or contractual arrangements between producer
and customer) to support solar panel recycling activities, and each country should opt for
one [13].

11. Closing Remarks

In this article photovoltaic technology is analysed. Starting this analysis by a historical
review, it is possible to note that photovoltaics were not always a great solution as sources
and much less were seen as a way to overcome the ecological footprints brought by
the constant use of non-renewable energy sources. Only with innovation and process
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evolution could this technology become the most studied and valuable technology, due to
its low fabrication, installation and maintenance costs in comparison with others renewable
sources as well as the ease of installation, at first and considering further improvements
and replacements as well. Moreover, there several technologies available, from different
generations, each with its own advantages.

Photovoltaic technology, in general, is presented in several distinct areas such as
space (satellites, spaceships, among others), national defence (military devices, equipment
and vehicles to generate energy on missions and operations), on public illumination and
traffic signals, at homes or companies for daily consume (BIPV and BAPV installations),
or on everyday devices (attached for example on bagpacks, wristwatches, calculators).
Furthermore, photovoltaic parks are being extremely useful to fight the harm of non-
renewable energy.

In this article, the working principle of a p-n junction as a solar cell is presented and
solar cells models are reviewed: 1M3P and 1M5P (also 1M7P, a more complex model). Since
real world conditions are not perfect and static, it is also analysed how solar cell perfor-
mance varies under adverse conditions, such as temperature and irradiance variations,
cells degradation or shading. Those effects are analysed quantitatively using the afore-
mentioned electrical models. Additionally, a literature review about how this phenomena
affects experimentally solar cells is conducted.

Finally, several applications are examined and divided by area and installation method.
It is concluded that presently photovoltaic technology is a reliable renewable source, but
projects should be sized considering weather and performance variations. The most com-
mon financial and ecological viability indicators for a project are reviewed and explained.
Every project should take into consideration both financial and ecological aspects.

Thus, this review aimed to clarify readers about noteworthy milestones in photo-
voltaics history, summarise its fundamentals and remarkable applications to catch the
attention of new researchers for this interesting field.
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