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Study of bifacial photovoltaic external operation and evaluation of
energy storage through the production of hydrogen and ammonia.

by Marco LEONARDI

With the increase in world population and the consequent energy de-
mand, the detrimental effects of fossil fuels and nonrenewable energy
on the environment cannot be disregarded. Renewable energy systems
are the way to build a sustainable and clean future that supports further
economic growth. Among renewable energy sources, solar energy is the
most promising because of the large flux of photons that arrive on Earth.
Several photovoltaic technologies are available in the market; however,
bifacial photovoltaics represent a promising technology for the future
development of photovoltaics. Silicon heterojunction bifacial solar cells
show the best results in terms of energy yield and power output. The
first part of this dissertation covers two aspects of bifacial photovoltaic
technology: the improvement of the previous mathematical model and
the electrical characterization of two bifacial mini-modules operating
outdoors. The main results show how the peculiar capacity of the bifa-
cial solar cell to harvest light also by the back side grants extra power
compared with the monofacial standard cell and how the environmen-
tal variables affect the electrical performance, especially temperature
and solar spectral irradiance. ...
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The intrinsic variability of the power output of renewables requires a
system for energy conversion and subsequent storage. Therefore, it is
crucial to develop a process that can produce an energy vector that can
convert electricity into chemicals or other forms of energy suitable for
storage. Wherefore, in the second part of the dissertation, the focus is set
on solar hydrogen production via proton exchange membrane electrol-
yser and its optimal coupling with photovoltaic systems previously dis-
cussed and on the production of ammonia via electrochemical reduction
of nitrogen gas. Results confirm an excellent match between the bifacial
solar module and the proton exchange membrane electrolyser in real
outdoor conditions. The system has produced positive results with 4.2
gr of Hy h~1m~2 and solar to hydrogen efficiency of 13.5 %. Finally, elec-
trochemical nitrogen reduction has been evaluated in a water solution.
For this purpose, iron-based catalysts were characterized and tested.
Catalysts covered with nanoparticles exhibit a high electrochemical ac-
tive area and showed excellent activity for nitrogen reduction reaction,
with a faradaic efficiency of 15% and a maximum ammonia production
rate of 85ugmg_th™!
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Chapter 1

Energy and its storage

1.1 Introduction

Over the past decade, electricity demand has increased along with sig-
nificant concerns about the energy crisis, energy prices, climate change
and pollution. Furthermore, the rapid population growth besides the
increasing energy request from the manufacturing and transportation
sector represents the most important challenges of the 21st century. Re-
newable energies play an important role to overcome the energy chal-
lenge.
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FIGURE 1.1: Global and European Electricity demand, normalized to electric-
ity imports and exports.
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Figure 1.1 shows the global demand for energy and its growth over
a period of twenty years, reaching an increment of 50%. Unfortunately,
fossil fuels remain the dominant part of energy sources and their use
produces a huge amount of carbon dioxide emissions. Figure 1.2 shows
that about 73% of the gases that cause the global greenhouse effect come
from coal, 0il, and natural gas combustion and use as fuel [1]. Mean-
while, toxic wastes are produced and dismissed into the environment
during the manufacturing fossil fuel burning process. As a result, the
dual issues of global climate change and lack of resources are challeng-
ing. Therefore, researching and developing new and sustainable energy
sources is of primary importance as well as solving critical environmen-
tal issues.
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FIGURE 1.2: Global greenhouse gas emissions by sector.[2]

1.2 Renewable resources

Twidell and Weir [3] defines renewable energy as:

“...energy obtained from natural and persistent flows of energy oc-
curring in the immediate environment...”.
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An important aspect of renewable resources is that their flow through
the environment is independent of whether energy is extracted, used
or converted for use. As consequence,the flow of energy is not manu-
factured; it is simply exploited (or altered). Renewable energy is one
pathway to a sustainable and green energy future. In this sense perhaps
the most informative way of describing what renewable energy is to list
some examples of the types of energy flows that are present in the im-
mediate environment and can be tapped. These are wind energy, solar
energy, wave energy, tidal current energy, biomass, hydro and geother-
mal energy.

FIGURE 1.3: Example of wind and solar plant.

1.2.1 Photovoltaic

With 1.7 - 10 TWh of energy per year, solar energy overwhelms the
other forms of energy present on the earth. A small fraction of this
impressive quantity of energy is sufficient to cover the actual energy
demand that was estimated at 1.5 - 10> TWh. The conversion of this en-
ergy into electricity, via photovoltaic technology, is a powerful weapon
to face the looming energy crisis exacerbates by the recent events in Eu-
rope. Presently, photovoltaics represents 3.6% of global energy produc-
tion [4], but this figure is supposed to grow, in the best scenario case, to
10%.

In 2021 several efforts have been made to find a more efficient tech-
nology and the photovoltaic sector moved to crystalline cell production.
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Currently, the more diffused cell design is that of the passivated emit-
ter and rear contact (PERC) with almost 75% market share. New cell
designs using technologies such as TOPCon, heterojunction and back
contact with higher efficiency have caught the attention of the solar en-
ergy colossus that had converted their production lines and hit about
20% of the market in 2021 [5].

1.2.2 Bifacial photovoltaic

The bifacial photovoltaic system represents a promising technology for
the future development of photovoltaics. Bifacial solar cells simultane-
ously collect incident solar radiation from the sun on the front side, such
as conventional monofacial photovoltaic, and the albedo radiation from
the ground on the back, plus some additional diffused light as is shown
in figure 1.4. Therefore, compared with MPV, under suitable conditions,
BPV can effectively increase the energy yield of PV modules and strings
at reduced costs and according to the international technology roadmap
for photovoltaics bifacial technology increase in the worldwide market
share from 30% in 2020 to about 80% by 2031 [5]. Several bifacial photo-
voltaic technologies are available on the market but the most diffuse are:
the passivated emitter rear contact cells (PERC), the tunnel oxide passi-
vated contact cells (TOPcon), and the silicon heterojunction technology
(SHJ) cells.

Direct Direct +Albedo

(@)

FIGURE 1.4: Monofacial (a) and bifacial (b) solar module[6].

Differences in cell structure result in different values of the bifacial-
ity factor, defined as the ratio of the power at the maximum power
point measured on the back divided by the front-side power at MPP
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under standard test conditions. Generally, the bifaciality factor ranges
between 70% and 96% depending on the technology (PERC, TOPcon,
SH]J)[7, 8]. Among the SHJ cells, the n-type ones are the most promising
for bifacial photovoltaic, due to their high short-circuit current, open-
circuit voltage, bifaciality, and for their low-temperature coefficient [9]
compared with the most common p-type cells [10].

1.3 Energy storage

The process of storing energy that can then be used when needed or
rather to perform a useful operation when direct energy production
lacks, is called energy storage. Generally, in a world that looks to electri-
tying everything, the term energy storage is used to describe the process
of converts the electrical energy, or correlated with electricity, in differ-
ent forms that able to returning it to the grid when is requested. There-
fore an energy storage can be achieved thanks to a device which can
take or withhold energy from an energy network (in times of surplus),
and return it to the network at a later time (of high demand).

Despite fossil fuels represent from various points of view as excel-
lent energy carriers, their use contributes to the production of green-
house gases including CO;. The GHGs quantities produced are con-
siderable and able to alter Earth’s climatic system. As a matter of fact,
plants and other organisms are not able to keep anthropogenic activities
and as a consequence, GHGs produce detrimental effects on the living
conditions of our planet.

A fascinating approach to overcoming the use of fossil fuels is to
produce chemicals from renewable energy that can be enforced without
replanning the established infrastructures. The key point is to employ
H>0O and CO; as start feedstocks to be converted into green fuels in a
shorter time compared with natural processes as depicted in figure 1.5.

Low-cost large-scale efficient energy storage would contribute to a
platform on which to base a 100% renewable energy network. The in-
trinsic intermittent nature of renewable energy sources led to the neces-
sity of a system that can store the excess energy and release it in case.
Often, the energy peak demand does not coincide with the maximum
renewable energy production. It is possible to define two ways to store
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FIGURE 1.5: Conversion of H,O and CO; via current and renewable energy
driven process.

energy depending on the energy transformation. One case is where en-
ergy is transformed into another form, i.e. electricity into potential en-
ergy by gravity storage, and then reconverted into electricity and the
second is where the energy is converted into energy vectors ,i.e. chem-
icals, or is used for charging electric vehicles, in this case, the electricity
does not come back to the system.

1.3.1 Solar fuels

As suggested by the word fuel, solar fuels are all those chemicals or
substances, in any material state, that can release chemical energy via
chemical reactions, especially across a red-ox reaction with an oxidant
agent like oxygen. Red-ox reactions can take place as combustion for
heat production or in an electrochemical reactor to convert chemical en-
ergy into electricity, for example, using a fuel cell where hydrogen and
oxygen react to form water and electrons can be extracted by electrodes.
Fuel cells achieve high conversion efficiency than a burning system that
needed other mechanical parts and works under thermal cycles. Solar
fuels represent a sustainable way to store energy produced by renew-
able energy. A great example of solar fuel production and storage is
provided by photosynthesis where light comes from the sun and is con-
verted into harmless sugar or other carbohydrates by plants. However,
this process remains under-performing if compared to the actual fossil
fuel extraction. Presently, the most pledged solar fuel is hydrogen gas.
Its free enthalpy of 141.5 M] - K¢~ ! is higher than the gasoline one equal
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TABLE 1.1: Energy storage providing system.

Electricity-to-energy-to-electricity = Electricity-to-energy

Gravity storage Hydrogen from Electrolysis
Batteries Ammonia electrosynthesis
Pumped hydro storage smart charging of electric vehicles

to 45.7 MJ - Kg~!. Furthermore, hydrogen combustion produces heat
and water as by-products. Ultimately, hydrogen shows high versatility
because it is a precursor of many chemicals.

1.3.2 Hydrogen production and uses

Hydrogen is the most abundant element in the universe and at the same
time the most fleeting one on the earth [11]. Its high energy storage
potential [12] makes it an ideal portable fuel to be used in portable ap-
plications, like fuel for the fuel cell vehicles. Hydrogen production is
typically classified by different color depending from the process used
to form it. In table 1.2 are reported the three commonest process and
their color classification.

Brown hydrogen is produced via gasification, a process that con-
verts coal or carbon-rich materials into hydrogen and carbon dioxide,
this last is released as a by-product into the atmosphere.

Cs) +2H20(g) == COz(g) +2Hpz(g) (C11)

Steam reforming is the process used for the production of blue hy-
drogen. The process uses steam to separate hydrogen from natural gas.
Steam reforming does produce greenhouse gases, but modern technol-
ogy can capture them by storage technologies and then store those emis-
sions.

CHa(g) +2HyO(g) == COx(g) +4Hy(g) (C1.2)

Finally, green hydrogen is obtained avoiding GHG emissions. The
most common way to produce green hydrogen is via water electroly-
sis. A device called an electrolyser breaks the oxygen-hydrogen bound
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TABLE 1.2: Classification of Hydrogen production.

Classification Raw material Process

Brown Carbon Gasification
Blue Natural Gas Steam reforming
Green Water Electrolysis

through by the electricity. The most common way to produce hydro-
gen through electricity is the water electrolysis via a polymer electrolyte
membrane electrolyzer. PEM electrolyzers presents high operational
flexibility and can couple with an intermittent renewable electricity gen-
erators [13]. Commonly, the water source for the electrolysis is provided
by seawater desalination after further treatment for the purification.
The needed electricity for hydrogen manufacture system is furnished
by different power sources like on/offshore wind, solar PV plant, the
local grid, and/or by discharging the battery [14]. An overlook of these
hydrogen production routes are depicted in figure 1.6. The main ad-
vantage is that the needed electrical power to power the electrolyser is
provided by renewable sources and this results in net-zero hydrogen
production.

2H>00) == Ha(g) + Oz(y) (C1.3)

Different car manufacturers produce hydrogen vehicles that employ
compressed Hydrogen gas, obtained from water electrolysis, as fuel that
reacts with Oxygen via a fuel cell to form water and electrical energy.
The Hydrogen energy storage drawback is its difficulty in transport and
storage, indeed, the typical tank pressure is around 700 bar [15].

1.3.3 Ammonia production and uses

In the early years of the 20th century, Carl Bosch and Fritz Haber de-
veloped a method to produce ammonia (NH3) on an industrial scale.
The process is based on the direct synthesis of NH3 from Nitrogen and
Hydrogen using Iron-based catalysts. Initially, the high temperature
needed for the synthesis, about 1000°C, and the cost of the first adopted
catalysts (Osmium and Uranium) made the process prohibitive. The
work of Carl Bosch permits solving the high technical requirements and
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FIGURE 1.6: Simplified illustration of hydrogen production configurations: (1)
grid-connected, (2) hybrid, and (3) autonomous, from left to right [14].

operating in more affordable conditions. The commercial production of
ammonia began in 1913 with a temperature of 500°C and a pressure of
150 bar. For their discovery and development, Fritz Haber and Carl
Bosch were awarded the Nobel Prize in chemistry in 1918 and 1931
respectively. A critical point in the Haber-Bosch process is ammonia
decomposition which can occur above 500 °C [16]. NHj synthesis pro-
ceeds with a gas volume decreasing and, according to the Le Chatelier
principle, high pressure has to be employed to improve the rate of reac-
tion in favour of the products. The current industrial process parame-
ters are the result of a compromise between the activity of the catalyst,
the thermal stability of NH3 and the reaction rate. Actually, the am-
monia is synthesized by a continuous flow of Nitrogen and Hydrogen
over a Fe-based catalyst supported on porous K;O, CaO and Al,O3 sub-
strates. This is only the main core of the entire process that is describe in
tigure 1.7 Thermodynamically, the reaction is exothermic and as conse-
quence, the ammonia production is inversely related to the temperature.

Na(g) + 3Ha(g) == 2NHj () ARH =—92 Kjmol ! (C1.4)

Nowadays, the Haber-Bosch process produces 230 million tonnes of
anhydrous NHj per year, about the 96% of global production, with an
efficiency of around 15% but the high pressure and continuous removal
of ammonia increase the conversion efficiency up to 97% [17]. How-
ever, this industrial process also produces a ginormous amount of car-
bon dioxide, which is estimated to be 1-2% of the global CO2 produced
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[18]. Indeed, the Hydrogen gas needed for the process is obtained by
steam reforming of methane or natural gas at a high temperature (800
°C) a process that converts the CHy in CO and Hj. The CO at these tem-
peratures is converted into CO,. The estimated energy consumption for
ammonia synthesis through the modern Haber-Bosch process is around
11 MWh/tNHjs.

FIGURE 1.7: Diagram of the set-up of a Haber-Bosch plant. CC BY-SA 3.0.

In conclusion, the described Haber-Bosch shows many drawbacks,
such as high CO, gas emission and consequentially environmental pol-
lution, the enormous amount of energy consumption and the thermo-
dynamic limitation of the reaction itself. A green alternative route for
the NHj3 synthesis process is required to fight global warming and en-
vironmental pollution. Electrochemical ammonia generation through
atmospheric nitrogen and a low temperature combined with the use of
renewable energy can achieve the goal of low to zero carbon emissions.

In this regard, ammonia production is classified by the origin of the
reactants, in particular hydrogen. The convectional categories, identi-
tied by the same color of the Hydrogen classification, are: brown, blue,
and green.

1.3.4 Fuel cells

A Fuel cell is a device capable of generating electricity and heat through
electrochemical reactions, basically, it is possible to see these reactions
as the reverse of electrolysis. Indeed, the reactants are Hydrogen and
Oxygen in gas form that react to form water and electrons that can be
extracted and used suited applications [19]. The electrochemical reac-
tion is reported below:

2H>(g) + O2(g) — 2H,0 + Energy (C1.5)
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Figure 1.8 depicts the general principle of work of a fuel cell, where
the hydrogen and oxygen gas passes through the anode and cathode
respectively to react. At the cathode, hydrogen molecules go under ox-
idation and the formed electrons move in the circuit. Meanwhile, hy-
drogen ions across the membrane to reach the anode where the oxygen
molecules are reduced in water. The generated electrons move from the
cathode to the anode through the external circuit producing electrical

energy.
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FIGURE 1.9: Renewable synthesis and use of green fuels.
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TABLE 1.3: Comparison of heat engine and fuel cell [21].

# Reciprocating diesel engine Fuel cell
Capacity range 500 kW to 5 MW 200 kW to 2 MW
Efficiency 35% max 40-85 %

Fuel cells show a higher conversion efficiency compared to heat en-
gines that use chemical energy and various mechanical part for the con-
version of this energy into electricity, table 1.3 report a comparison be-
tween diesel engine and generic fuel cell. As a matter of fact, fuel cells
convert directly chemical energy into electricity via the aforementioned
method.

Ammonia can be similarly used as fuel. Indeed, the hydrogen that
is contained in the ammonia molecule is accessible for the reduction
of oxygen and then for electricity generation. In this case, the overall
reaction is the follow:

NH3 + O — HO + N + Energy (C1.6)

It’s clear how important it is to produce green hydrogen and/or hy-
drogen carriers as ammonia for a zero carbon-footprint future. Figure
1.9 shows a possible sustainable scenario from the production of green
energy to the use of green fuels. In the case of ammonia production
more efforts must be made to permit ammonia fuel cells to be a truly
sustainable source of energy [20].

1.4 Thesis outlook

This thesis presents research on the field of photovoltaic and the use so-
lar renewable energy as reasonable source for green hydrogen produc-
tion and investigates the possibility to produce green ammonia from
Nitrogen gas. This research is dived in three section: (I) mathematical
modeling of bifacial silicon solar modules electrical parameters under
outdoor real conditions, (II) experimental evaluation of the influence
of temperature and solar spectrum irradiance on the electrical perfor-
mance of bifacial silicon solar cells, and (III) the coupling of photovoltaic
technology with an PEM electrolyzer for the green hydrogen production
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and the research on a proficient catalyst for the electroreduction of Ni-
trogen to ammonia. After this introduction part there are 6 chapters that
will describe below. The last chapter (7) provides overall conclusions of
this thesis and lays out important avenues for future work.

The focus of Chapter 2 is theoretical fundamentals useful for under-
standing and recall some important physical and chemical aspect of the
process described in this thesis.

Chapter 3, describe the mathematical model used for the optimiza-
tion and evaluation of electrical performance of solar module taking in
to account geometrical and thermal effects that can influence the en-
ergy yield and the efficiency this type of system. In particular, the type
of grounds, and therefore their reflectance, beside the perimeter effect
strongly influence the power output of bifacial solar cell and the mod-
ules. The model taking into account the spectral variation along the day
and permit to estimate the annual energy yield in compare different
module array installation, e.g. landascape vs. portrait. Furthermore,
this model use a original ‘equation” to estimate the thermal behavior
of bifacial modules using the ratio between front and back generated
photocurrent. The model was assessed by experimental outdoor mea-
surements confirmed a delightful adherence to the modeled data.

Chapter 4 is focused on the effects of solar radiation, its spectral com-
position and temperature on the principal electric parameters, e.g. V.
and I;.. Attractive results have been obtained, especially the correla-
tion between the redshift of the solar spectrum over the day and the
current produced by bifacial photovoltaics. Besides, other correlations
have been found and the results point out how bifaciality is a convinc-
ing technology.

Chapter 5 describes the optimization, evaluation and assessment of
a photovoltaic-electrolyzer system that operated in outdoor conditions
for several hours. This system consists in a three bifacial cells mini-
modules electrical, with a total area of 730cm? coupled with a proton ex-
change membrane electolyzer. The setup was optimized through mod-
eling in terms of the number of cells, module height and inclination
thank the model previously describe in chapter 3. Also, a comparison
between the standard monofacial configuration and the bifacial one has
been performed. Both the system is able to produce hydrogen with an
high solar-to-hydrogen efficiency but, since the bifacial mini-module
collect the albedo radiation from the ground, by the bifacial PV sys-
tem achieved the best performance. The system exhibiting very good
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endurance, with no appreciable change in production and efficiency.
The activities reported in detail in this chapter are a part of the Pecsys
project funded by the European Commission under the Horizon 2020
programme. The goal of the project was to demonstrate a system for
the solar driven electrochemical hydrogen generation with an area >
10m?.

Finally, chapter 6 explains the effort made for the optimization of
iron base catalysts capable of dissociating the N, triple bond and to
compete with the more favorable hydrogen evolution reaction. The cat-
alyst consists in a mix of Fe;O3z/Fe3O4 nanoparticles deposited on car-
bon cloth started from a solution containing FeCl3. The implementation
of an electrochemical activation procedure and the optimization of the
morphology of the particle permits to produce ammonia under ambient
condition.This encouraging results has been attributed to the sufficient
exposure of edge sites, coupled to a larger proportion of Fe, " /Fe;* and
oxygen vacancies. This activity was a part of the TELEGRAM project
(“Toward Efficient eLEctrochemical GReen AMmonia cycle”). The part-
ners under the coordination of the CNR-IMM are the Forschungszen-
trum Juelich, the Competence Centre Thin Film and Nanotechnology
for Photovoltaics Berlin (PVcomB) at the Helmholtz-Zentrum Berlin
fiir Materialien und Energie GmbH (HZB) and the Uppsala Univer-
sity. The project aims is to demonstrate, at the laboratory scale level,
a complete green ammonia carbon-neutral energy cycle, based on elec-
trochemical processes, enabling the use of ammonia as a green fuel.
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Chapter 2

Theoretical fundamentals

2.1 Photovoltaic

A solar cell is a device capable to converts the absorbed solar radiation
energy into electricity thanks to the generation of electron-hole pairs. At
the thermal equilibrium, an intrinsic semiconductor, that isn’t subjected
to photon flux, the electrons in the band states are distributed according
to the Fermi distribution:

F(E) = 1) @1)

1+ 6<W

where Er is the Fermi level, at 0 K it is equal to Fermi energy.

This energy level and its position between the valence and conductive
bands it’s strongly dependent on the semiconductor material. In ad-
dition, the doping process alters considerably the Fermi level location.
The doping process inserts atoms capable to donate (donors) or accept
(acceptors) electrons into the crystal structure of intrinsic semiconduc-
tors that became extrinsic. The extrinsic semiconductor that has donors
is called n-type and p-type when acceptors are present. In the same
condition, the holes distribution follows the complementary distribu-
tion 1-f,(E), where Ef is the same Fermi level deemed for electrons. At
this point is possible to introduce the density of free electrons in the
conduction band that is:

Ep—Ec

ng = Neel“FT) (2.2)

where N. is the effective density of state in the conduction band and
E. is the conduction band energy level. On the other hand, the density
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of free holes in the valence band is:

Ev—Ep
(Tert)

po = Nye (2.3)

where Nj, is the effective density of state in the valence band and E,
is the valence band energy level.

Combining the equations 2.2 and 2.3 an significant relationship can
be found:

E
nopo = nz‘z = Nche(%) (2.4)

where E, is the band gap and n? is the intrinsic electron density.
Noteworthy is the independence of the product of the equilibrium elec-
trons and hole concentration from the location of Ef.

When photons from the sun with energy higher than E, impinging
on the material, several electrons are promoted from the valence band
to the conduction band, leaving in the former an electron vacancy, that
is the holes.

The mean energies of these photo-generated electrons and holes reach
rapidly the thermal equilibrium with the crystal structure because of the
multiple collisions with the crystal lattice. Thereby, is possible to use
the Fermi distributions at T,; to evaluate the electrons and holes den-
sity. Under irradiation, both n and p are greater than the relative values
in the dark ng and py, thus:

n~p>n0-p0:ni2 (2.5)

In this situation, the Fermi energy of electrons, E fe should be closer
to the conduction band, whereas, the Fermi energy of holes E fo should
stay closer to the valence band [22]. Consequently, electrons and holes
occupations in the bands now follows two separate Fermi distributions
f.(E) and f,(E). As in Equations 2.2 and 2.3, the densities of electrons in
the conduction band and in the valence band are, under illumination:

n= Nce(Ef{TEC> (2.6)

p= Nve<EU;§ﬁ) (2.7)

Similarly to equation 2.4 it is possible to obtain an important relation
that come in useful in the next paragraph:
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. Efe—Efy
n-p=N:.-N, g(Ezfc-TE ) e< - ) (2.8)

_ J%) — o(#r) (2.9)

S

2.1.1 Derivation of I-V characteristics

In the most simple case where exist only radiative pairs recombination
and the all photons with energy higher then the band-gap produce an
electron-hole pairs, it’s possible to apply the SQ model to obtain the
equations that are used in the rest of manuscript [23].

In figure 2.1 is reported the electrical scheme of a simple p-n junction
solar cell surrounded by a black body both with a specific temperature.
From the generalized Plank equation law for a black body at tempera-
ture Tj is possible to quantify the emitted photons.

Ts ¢)
/QS

FIGURE 2.1: QS solar cell scheme.

In the case of maximal light trapping and incident solid angle (g
the equation is 2.10. Where Ps represent the probability that a photon
generate an electron-hole pair, c is the speed of light in the vacuum, v,
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is the frequency correlated to the energy-gap and v is the frequency of
the emitted photon.

Qs P [ v?
B e A LS| 2.1
Qsun = A 2 /vg e(khTVs) T v (2.10)

Similarly, the body of solar cell emits photons by raditive recombi-
nation according the following equation :

CZ hv

. o 2
Ouy — 24 - 27 T / LAY .11
Vg e(m) -1

Where the term P, is the probability that a e-h pair generate a photon
and T is te temperature of the device. As stated before, in a ideal case
where both the Ps and P. are equal to 1, maximal light trapping and
radiative recombination as only possible process of energy loss.

At the steady state condition the number of generated and recom-
bined electron-hole pairs are the same. This is equivalent to write:

en I
Quun — QUi + | Q51 — Rr(v) + Ngjo) = Nrqy) ;0 e

where the superscripts rec and gen refer to raditive recombination
from the cell as black body and spontaneous radiative generation re-
spectively. The term Rry is the rate of radiative recombination, I is
the current extracted from the device, Ng( and Nr(y,) are the rate of
non-radiative recombination and generation processes respectively. Re-
combination events is to consider proportional to emission one. Taking
into account the electrons and holes density product np respect to the
thermal equilibrium value n? is possible to determine these rates:

= Qs - elr) (2.13)

>
EE

Nryy = Ngo - e(ir) (2.14)

in these equation V is the voltage at the p and n terminals of the
solar cell. Combining the equations 2.12, 2.13 and 2.14 in the case of
Qsun = QL% that correspond to the case of a black body at the same
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temperature of the cell, the net current flowing in an external circuit is:

[=—I- [e(%) _ 1} (2.15)
where:
Io = q[Q%;; + Ngo] (2.16)

is defined as the reverse saturation current. The current-voltage re-
lationship, depicted in figure 2.2, for the solar cell subjected to photon
flux and connected to a load when Qg # Qcerr, is equal to:

I=I.—1Ip- [e(%) _ 1} 2.17)

where:
I = [J[qun - Zifl] (218)

A better way to express the short circuit current consist to relate ab-
sorption coefficient a to the incident solar photon flux Sr(v) and the
thickness x of solar cell as follows:

ISC A °

' /ooo Sr(v) - gy - o) dy (2.19)
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FIGURE 2.2: Current-voltage characteristic of a solar cell, adapted from pv-
educational.

Under real condition the amount of photons that are converted in
electron-hole pairs and then in electricity depends on the presence of
defects and/or optical properties of the semiconductors [24]. At this
point is useful to introduce the internal spectral response, SR(A),that
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take into account the quantity of useful photons that contribute to the
L.:

Lic(A)
gA(1 — Sh)[1 — R(A)]Sr(A)
Where (1 — Sh) and [1 — R(A)] are the portion of semiconductor

shaded and the light reflected by the surface respectively. Therefore,
the I, can be written as follows:

SR(A) = (2.20)

Ie = gA(1 — Sh) - /000[1 ~ RA)]SH(A)dA (2.21)

From equation 2.17 is possible to obtain another important relation.
In particular solving the equation 2.17 for the case of I = 0 leads to:

Ve = 1, [(I> + 1} (2.22)

Where V. is the open-circuit voltage, that represents the electromo-
tive force, which is the maximum potential difference when the total
current pass through the circuit and the circuit is open.

T T©

Incident Power (Wicr

FIGURE 2.3: Standard solar spectra at different Air Mass values (a), optical
absorption coefficient of silicon at 300 K(b) and silicon solar cell responsivity

(0).

2.1.2 Solar radiation

As stated before, the sun’s spectrum is commonly approximated to the
5800 K black body. Using this approximation the surface of the sun has
a luminosity of 64 - 10° W/m? (Hp). From this, it follows that the total
emitted power is the product of the total surface of the sun by the power
density. The Sun’s surface is equal to 6.07 - 10'¥m? so the total power
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output is 3.9 - 10°°W. This extraordinary amount of power can cover the
whole energy demand of our society which is only 16 TW [24]. Due to
the long distance between the earth and the sun, only a portion of the
total sun radiance impinges on a body close to the earth’s atmosphere.
Indeed, the total solar radiance is now distributed over a greater surface.
From an easy calculation using Hp and the ratio between the radius of
the sun (R;) and the distance from sun-earth (D) the fraction of power
density is 1370 W /m?.
R2

S5+ Ho (2.23)

Hearth =

This radiation can be considered constant in the upper layer of the
earth’s atmosphere due to the low density of molecules and particles.
The situation changes drastically near the surface of our planet. The at-
mosphere contains a lot of particles and molecules that scatter the light
and absorb a considerable quantity of photons. Furthermore, the alter-
ation of solar radiation depends on the location and the day of the year.
Indeed, some local variations such as the level of humidity, pollution
and clouds affect strongly the spectral content. Variations in the solar
spectrum led to different responses by the solar cell. As discussed in
previous paragraph the output current depends on the spectral com-
position of the solar radiation and the detector responsivity (or EQE).
Besides, the scattering and reflection reduce the useful amount of solar
radiation to convert into electricity by the solar cell. A well-known phe-
nomenon correlated with scattering is the progressive redshift of light in
the afternoon and morning. As matter of fact, the high energy photons
are more effectively scattered and/or absorbed travel through a thick
layer of atmosphere than the low energy photons (red). For this rea-
son, in the morning and evening, the light from the sun appears much
redder than in the middle of the day.

2.1.3 Air Mass

An important parameter that taking into account the path of the light
through the atmosphere is the air mass (AM). The AM is obtained by
normalizing the total path length to the shortest possible one that occur
when the sun is directly overhead. From this quantity is possible quan-
tify the reduction of the power intensity of the light passes through the
atmosphere, which can be absorbed or scattered by air or particulate.
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The Air Mass quantifies the reduction in the power of light as it passes
through the atmosphere and is absorbed by air and dust. A simplified
view of this phenomena is shown in figure 2.4.
A simple definition for air mass is:
M= ! 2.24
~ cosf (2.24)

where 0 is the zenith angle or the angle le from the vertical. It follows
that when the sun is directly overhead, the air mass is 1.

— Year day:1
——Year day:162
——Year day:291

Air mass
o - N w S o D

6 8 10 12 14 16 18
Local time (Hr)

FIGURE 2.4: Graphical representation of different values of air mass (left) and
variant of AM during the year.

The inherently fluctuation of the solar spectra and intensity of the
impinging radiation during the day suggest to use a standard to facili-
tate the direct comparison between of solar cells electric characteristics
to facilitate the direct comparison between measures obtained at dif-
ferent time and locations. At this regard, the standard solar spectrum
called AM1.5G (where G refers to the global radiation), at Earth’s sur-
face, has a power intensity of 1000 W/m? and a light path length of AM
equal to 1.5, that correspond to a zenith angle of 48°. The global radia-
tion includes both the direct and diffuse radiation.

2.1.4 Albedo

The portion of the solar spectrum, or overall all electromagnetic radia-
tions, reflected in all directions from a surface is called albedo. The re-
flection power of a surface is, of course, dependent on the wavelength of
the electromagnetic radiation, the structure and composition of the sur-
face and its angle of incidence with the surface. The albedo ranges from
0, total absorption, to 1 which is the case of total reflection. Figure 2.5



Chapter 2. Theoretical fundamentals 23

Reflectance (%)
)
>
Irradiance (W/m”2 \nm)

—Concrete

o |—Global solar spectrum| |

400 500 600 700 800 900 1000 1100
Wavelength (nm)

FIGURE 2.5: Reflectance of grass, snow and concrete; solar spectrum in the
foreground.

shows the reflectivity of three ground surfaces compared to the global
solar spectrum. White surface for instance snow reflects uniformly the
entire visible solar spectrum, conversely, grass reflects wavelengths be-
tween 500 and 600 which are responsible for the green colour. Albedo
plays a crucial role in the power output of bifacial solar cells which are
capable to harvest light from the backside.

2.1.5 Silicon Heterojunction solar cell

The first concept of a heterojunction solar cell, with an intrinsic thin
layer of amorphous silicon, was introduced by the former company
SANYO which called this cell technology HIT (Hetero-junction with In-
trinsic Thin-layer)[25]. Actually, SANYO is part of the company Pana-
sonic and these types of cells are known as SHJ due to Panasonic’s
patent for the name HIT. The structure of the SHJ solar cell is shown
in 2.6. The central part of the cell is composed of crystalline silicon, n
or p doped, which works as a light absorber. This block states between
two thin layers of intrinsic hydrogenated amorphous silicon (a-Si:H).
The a-5i:H intrinsic layers are surrounded by n-type and p-type doped
amorphous silicon layers that act as emitters. Finally, on the two doped
layers, a film of transparent conducting oxide (TCO) is deposited to per-
mit the current extraction from the cell assisted by screen-printed elec-
trodes which are known as fingers and busbars. The TCO layers also
work as an anti-reflection coating. The final result of SHJ solar cell is
represented in figure 2.6 The SHJ technology has captured high-interest
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rates determined by the high power conversion efficiency and the pos-
sibility of reducing production costs. As a matter of fact, SHJ solar cells
can be produced with a low thermal process below 200 °C and the sym-
metry of the cells reduces the complexity of the solar cell fabrication [26,
27]. Furthermore, the aforementioned symmetry of the front and the
back of the solar cell made it suitable for the bifacial application. Some
experiments show that bifacial SHJ solar cells perform better compared
with monofacial conventional solar cells by 10% [28].

TCO
n-Type a-Si:H
(i)a-Si:H

n-Type Si
(i)a-Si:H

TCO

FIGURE 2.6: Silicon heterojunction solar cells with on n-type silicon (SHJn).

2.1.6 Vpc in SHJ cell

Voc is strongly affected by the recombination processes at the heteroin-
terface a-Si:H/c-Si and by the carrier transport in the solar cell. The V¢
for SHJ solar cells can be stated by the analytical model reported in [29].
In this manuscript the focus is on the case of low recombination in the
c-Si layer and the main recombination path is at the heterointerface. In
this case, the saturation current of SHJ cell is governed by the interface
recombination velocity and electron concentration.
In this circumstance, is possible to write the following equation:

—o
Joit = GSnithit = qSnitNee 7 (2.25)

Where @3 is the effective barrier height that is the sum of built-in volt-
age, define as the energy difference of the bulk Fermi level EF to the
valence band EV, and S,;; is the recombination velocity of electrons at
the interface. The band diagram of n-type a-Si:H/c-Si SHJ is depicted
in figure 2.7.
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FIGURE 2.7: Band diagram of SHJn structure with sketched barrier for inter-
face recombination ¢B at interface defects [29].

Recalling 2.22 and substituting Jo;; it is possible to obtain the V¢ for
the SHJ solar cell:

kT .
v, =28 _ U, (qN‘/S ””‘) (2.26)
q q Jsc

Equation 2.26 indicates that Voc depends on the illumination inten-
sity, recombination properties at the heterointerface, recombination at
the rear surface and in the c-Si substrate, and on the dopant activation
energy of the c-Si substrate. The properties of the emitter seem to play
no role in the V. In fact, the parameters like doping, defect density
and affinity (or band offset with c-Si) have no direct influence on the
Voc. However, all of these parameters affect the charge properties of
the space charge region (SCR) of SHJ junction and thus carrier inver-
sion at the heterointerface and consequently Vpc.

2.2 Electrochemistry

2.2.1 Electrochemical water splitting

Electrochemical water splitting and fuel cells are among the most promis-
ing energy technologies to address the future energy crisis and envi-
ronmental pollution. The hydrogen evolution reaction (HER), a half
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reaction, occurs in electrochemical water splitting whereas the oxygen
reduction reaction (ORR) half reaction, occurs in fuel cells. The most
proficient catalysts are based on precious metal-based materials, such
as Gold (Au), Platinum (Pt), Pt-group metals, and their alloys.

Specifically, water splitting, which stores energy in the form of hy-
drogen gas, has attracted much attention since the 1970’s because it is a
simple, environmentally friendly, two electron process [30]. Addition-
ally, hydrogen is used in many industrial syntheses of fine chemicals
as well as ammonium fabrication for agriculture [31]. Finding a clean
method of generating hydrogen is thus of increased relevance.

Regardless of the device configuration, the overall water splitting
reaction remains the same:

2H,0 —» O, +4e” +4H" (C2.1)

This reaction requires an energy input of AG = 237.1 k] /mol at stan-
dard conditions, which corresponds to a thermodynamic voltage re-
quirement of 1.23 V [32-34]. In a water splitting cell, the hydrogen evo-
lution reaction (HER) takes place at the cathode and the oxygen evolu-
tion reaction (OER) takes place at the anode. These reactions are shown
below as they occur in acidic electrolyte:

4H' +4e —> 2H, (C2.2)

The hydrogen evolution reaction is thought to involve three possible
reaction steps:

TABLE 2.1: Hydrogen reduction reaction proposed mechanisms.

# Name Reaction

1 Volmer H"+e” — Huyg
2 Heyrowsky H"+H,g — H»
3 Tafel 2H., — Hp

The HER can follow the Volmer-Heyrowsky or the Volmer-Tafel
mechanism. Whether involved in the former or the latter mechanism
the reaction requires that hydrogen atoms are adsorbed at the electrode
surface, H,;. The overall reaction rate is influenced by the free energy of
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hydrogen adsorption, AGH, as formerly described in the work of Par-
sons et al. [35]. The hydrogen-to-surface bond strength determines the
rate. If the bond is too weak the absorption step may limit the whole
reaction rate. Viceversa, if the bond is too strong the product desorp-
tion will be difficult and this limits the overall reaction rate. From these
considerations, it is clear that the best option for optimal HER catalysts
is to have a hydrogen adsorption energy as close as AGH = 0, that is the
case where the hydrogen interacts neither too weekly nor too strongly
[36, 37].
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FIGURE 2.8: Exchange current density as a function of hydrogen adsorption
free energy for various HER catalyst materials for (a) experimental and (b)
theoretical values [38].

From the HER exchange current, which is a measure of the catalytic
activity, is possible to plot the HER activity versus the AGH. What is ob-
tained is a curve that remembers the shape of a volcano so-called “Vol-
cano plot” reported in figure 2.8. The metal or materials on the top of
the volcano presents the best HER activity, many of them are precious
metal such as platinum, iridium or rhodium (see figure 2.8 a). Some
materials are less efficient but are cheaper than noble metals like nickel
alloys or other metal oxides.

2.2.2 Electrochemical Ammonia synthesis

The electrocatalytic N, reduction using water as the hydrogen source is
regarded as a renewable approach under ambient conditions, offering
a promising way for green and sustainable NH3 production. Therefore,
the development of a novel catalyst design is a crucial step for this chal-
lenge. In particular, many efforts are focused on the catalyst that can
overcome the large energy barrier of N, reduction [39, 40]. Indeed, the
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high inertness of N is the result of the strong triple bonding between
two N atoms, that is 940.95 kJmol~!. Furthermore, N=N has an high
ionization energy of 15.6 eV [41], negative electron affinity (-1.9 eV) and
presents no polarity.

s N

d N, 11, orbital
orbital

FIGURE 2.9: Schematic of the interaction between d-metal atom and absorbed
No.

N> gas chemisorption on the catalyst surface, and consequent in-
teraction with the active sites, weakens the triple bond by promoting
hydrogenation [42]. The peculiar characteristics of the transition metal,
belonging to the d-group, permit to promote activation of the N triple
bond thanks to the 7r-back-donation process depicted in figure 2.9. As
a matter of fact, the metal of the d-group present unoccupied d-orbitals
capable to receive the N lone pair electrons, likewise, the occupied d-
orbitals of the metal atoms are free to donate their electrons to the an-
tibonding molecular orbital of the N, [43]. Despite this metal-nitrogen
interaction being favorable for ammonia synthesis, because of the weak-
ening of the nitrogen triple bond, transition metals can easily interact
with hydrogen ions to form the metal-H bonds and at this point the
HER compete with the NRR [44].

The NRR consists of multiple N> hydrogenation steps followed by
electron transfer (figure 2.10). The main overall reaction of the NRR is:

N2 (g) +6H" +6e~ == 2NH; (g) (C2.3)

For this reaction the reported Ey is —0.148Vvs.RHE which means
that the overall energy to furnish at system is not prohibitive. Unfortu-
nately, the bottleneck of this reaction is the first protonation which is an
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FIGURE 2.10: Schematic diagram of dissociative, associative pathway and
Mars-van Krevelen hydrogenation mechanism.

endothermic process that involves a AHy = +37.6kJmol~! and sets it as
the rate-limiting step.

N, +H* + e~ = N,H (g) (C2.4)

Although the first step is endothermic, even using an optimal cat-
alyst, the other protonation reaction needed to form NHj is energy af-
fordable. Proof of this lies in the overall Gibbs free energy that shows a
negative value for the NRR [45], otherwise, the known nitrogen conver-
sion processes by natural nitrogenase systems, the Haber-Bosch pro-
cess, photocatalysis, and electrocatalysis would be impossible to per-
form.

2.2.3 Linear sweep voltammetry

In linear sweep voltammetry (LSV) a fixed potential (E) range is scanned
from a lower limit to an upper limit. The potential influences the reac-
tion rate and its change can be followed by acquiring the electric current
(i) v.s the applied potential (V). From the slope of the time-V function is
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possible to obtain the voltage scan rate (v). The main factors that in-
fluenced the linear sweep voltammogram are the rate of the electron
transfer reactions, the voltage scan rate and the chemical reactivity of
the electroactive species. Usually, the voltammogram is obtained by
plotting the current response vs the applied voltage and the scan be-
gins in a region where the electron current is close to zero (non-faradaic
current) then the potential is swept to more reductive or oxidant values
and an electron current begins to flow. In these circumstances, a peak o
more than one can appear in the voltammogram when the potential is
close to the Ey, the current generally dropping after the peak due to de-
pletion of the reactive species near the electrode surface if the solution
is unstirred.

2.24 Cyclic voltammetry

As explained above, during the LSV the concentration of the reactant
becomes ever closer to zero because of the lack of chemical species that
can be reduced or oxidated. As a consequence, the current slowly drops
and a large number of product molecules are located near the electrode.
At this point, it is possible to reverse the potential scan, and then the
oxidation or reduction reactions take place. The final result of the cyclo-
voltammetry (CV) experiment is the presence of an anodic or cathodic
current peak quite similar to the former obtained in the first part of the
voltage scan. CV is a robust method to analyse an electrochemical sys-
tem and study the evolution of a reaction. The following equations are
useful to derive important information about the system under study.

ip = (2.65-10°) - Ay - C - /D - Vseqn - {/ 112 (2.27)

where 7, is the number of transferred electrons, A,; is the surface
area of electrode, D is the diffusion coefficient, C is the bulk concentra-
tion and Ve, is the scan rate of the potential. Therefore, vsq., could be
derived by plotting ip versus \/Vscsu when D and C are known.

Peak potential:

RT 28.5

=Eq;p—

E,=E;,»—11
P 172 OgngF e

(2.28)
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Half-peak potential:
RT 28.5
Ep/Z =Eip+ 1109ﬁ =Eip+ (2.29)
e
Nernstian wave follows:
RT 56.6
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FIGURE 2.11: Example of cyclic voltammogram

The equations 2.28, 2.29 and 2.30 reflect that E, > (potential at ip/2)
is located in between E, and E, />, and they are all independent from
the scan rate. The last equation is also very useful to determine whether
a given reaction is Nernstian or not.

2.2.5 Chronoamperometry

Chronoamperometry experiment consists of the recording of the faradic
current at a fixed potential capable of oxidizing or reducing the analyte.
A practical equation for describing the observed current, in the simple
case of a planar electrode, is the Cottrell equation reported in 2.31.

_ n,AgFCoDy?
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where Cj is the initial concentration of electroactive species. At the
very beginning of the experiment, the capacitive current, ic contributes
to the total current, however, it decays as a function of 1/t and com-
monly becomes minimal after a few ms or seconds.

t .
i;dt
Ne fOPt - % (2.32)

From the integration of the faradic current passes during the time
of the experiment is possible to obtain the total charge and then the
number of electrons, N,, that take part in the reaction (see equation 2.32).
This quantity is an important value for the estimation of the faradaic
efficiency of an electrochemical reactor. Indeed from equation 2.33 it is
possible to obtain the faradaic efficiency after the quantification of the
electrochemical product (mol)).

moly - ne

FE =
Ne

(2.33)
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Chapter 3

Effects of the Module
Temperature on the Bifacial
Photovoltaic Energy Yield

3.1 State of art

The prediction and calculation of the annual energy yield or the several
electrical parameters of solar modules and arrays is an important topic
in photovoltaics. Several mathematical and semi-empirical models have
been proposed and described some focusing on bifacial modelling. In
this section are reported a few of these. Yusufoglu et al. [46] proposed a
model that can predict, through the calculation of the ground-reflected
radiation and as consequence the part of radiation which reaches the
rear side of the module, the annual energy yield based on reaching the
rear side of the PV module. This model was refined by the implementa-
tion of the inhomogeneous radiation distribution that impinges on the
back surface of the PV module [47]. Another critical aspect is the evalu-
ation of the performances of bifacial photovoltaic solutions concerning
the monofacial one. For this purpose, Shoukry et al. [48] develop a
computational method that is useful for the evaluation of solar plant
costs and the benefit of bifacial technology. Sun et al. [49] studied the
optimisation of a stand-alone bifacial module for various geographic lo-
cations showing how a low power temperature coefficient is an impor-
tant aspect in warm climate regions. From the lecture of the previous
and other work, it’s evident how the module temperature is a key as-
pect to consider since high temperatures have detrimental effects on the
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energy yield of many PV technologies. Therefore, before installing a so-
lar plant a trustworthy prediction of the BPV energy yield based on the
total striking solar radiation and the module temperature is needed to
evaluate eventual power losses. One of the concerns about BPV mod-
ules is their temperature. Indeed, since they can collect solar radiation
from both sides a portion of this energy of this power is transformed
into a heat flux, and a higher module temperature is aspected. Nev-
ertheless, the absorption of the impinging IR portion of the spectrum is
reduced because of the absence of reflective surfaces like the aluminium
screen in the AlI-BSF monofacial cells. As consequence, the bifacial mod-
ules are more transparent in the IR and the temperature is maintained
low compared to the abovementioned technology. This aspect of the
module’s thermal behaviour was analysed by Lamers et al. [50] which
studied the impact of IR radiation on Al-BSF MPV modules. The study
revealed that at low albedo, the MPV module shows a higher temper-
ature compared with the BPV system. On the contrary, at high albedo
conditions, the authors estimate that the BPV system becomes hotter
than the monofacial one. Analogous results were described by Zhang et
al. [51], who improve the previous model and also refined the studies
by considering also the case of different ground materials and their re-
flectances. Other works report how the IR sub-bandgap absorption can
influence the temperature of the PV module under bifacial operation.
Patel et al.[9] referred that the IR sub-bandgap increasing BPV temper-
ature. As stated above, these works stress the importance of using tech-
nologies with low power temperature coefficients, which is for example
the case of SHJ solar cells. Previous works [50-52] took into account a
direct comparison of performance and module temperature in bifacial
and monofacial modes. However, in these studies, the differences in
module temperature are severely influenced by the different solar cell
technologies (PERC, PERT...) used in the modules. In summary, the
problem of predicting the PV module temperature in BPV is a crucial
aspect which needs further analysis and is treated in this chapter.

3.2 Experimental

The experiments were performed using two similar minimodules of
3 bifacial n-type SHJ. The SH] cells were courteously offered by Enel
Green Power which develops its technology at its 3SUN facility. Under



Chapter 3. Effects of the Module Temperature on the Bifacial

Photovoltaic Energy Yield 3

STC, these cells show a Voc of 730 mV, an Isc of 9.3 A, a BF of 90%, and
a power conversion cell efficiency (PCCE) of 22.7%. The minimodules
consisted of 3 cells connected in series via copper strips and laminated
in a double transparent polyethylene shell with EVA backing. To avoid
light collection from the rear side, one of the module’s backside was
covered with rigid white cardboard. In this way, the module operated
as a monofacial module with a white back sheet. The white cardboard
that was used had a low transmittance in the IR range. Some industrial
white back sheets show transmittance can be quite large than the with
card[53], and this led to a better thermal performance of the module.
The site of the testes was settled in Catania, Italy (37°26" N, 15° 4" E).
The data were collected from about 9 a.m. to 4 p.m. for 3 days in the pe-
riod from 17 to 19 February 2021, on sunny days with no clouds. Figure
3.1 shows a picture of the minimodules under test. The modules pre-
sented a height of 55 cm, oriented facing south and tilted to the ground
at 35 degrees. This installation setup was chosen to optimise front and
backside solar radiation and ground albedo collection, according to our
laboratory’s previously developed model [54].

FIGURE 3.1: Image of the experimental setup: front view of the two minimod-
ules, with the bifacial on the left and the monofacial on the right.

The minimodules were positioned on a portion of asphalt which
presents an average normal incidence reflectivity of 30% over the 300-1100
nm range, as reported in Privitera et al. [55]. An MS-40 EKO pyranome-
ter tilted at 35° was used to measure solar irradiation intensity hitting on
the PV minimodules. similar to the minimodules. The minimodule tem-
peratures were recorded employing two tiny thermoresistances placed
in close thermal contact with the front and back of each minimodule.
To prevent misinterpretation caused by radiant heating the probes were
covered with reflective white cardboard about of 4 mm? to shield solar
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radiation. To optimize the yield bus bars were chosen as a perfect site
for thermal analysis, thus producing negligible PV cell shadowing.
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FIGURE 3.2: Example of measured temperatures of the minimodule on the
front and back surfaces as a function of time for bifacial (a) and monofacial (b)
minimodules measured in one of the days of measurement.

Figure 3.2 shows the obtained temperature from the thermoresis-
tances. It is evident how Tf,y; is larger than Tj, in all cases. This can
be explained by the different amounts of solar radiation that arrives on
the front and back surfaces of the PV minimodules, an important clue
is given by the large difference in short circuit current values measured
in bifacial and monofacial systems at all times, as shown in the follow-
ing section and reported in figure 3.5. The symmetric composition of
the modules permits to assume that, with both sides laminated with the
polymer and the same process, the module temperature (T},,4,.) is with
a negligible variation in the average of the temperatures measured on
the front and the back. Then is possible to write:

Ttront + Thack
Tmodule = fron 2 = (31)

Notwithstanding more complex models of modules, temperatures
have been formulated in literature, implementing heat transmission through-
out the module layer [56]; the minimodules under test present a poly-
mer lamination of only 1 mm thick. For these reasons, equation 3.1 rep-
resents a reasonable assumption. The current-voltage (I-V) character-
istic of each PV minimodule was obtained by a Kelvin probes method.

The flowing current was measured by the voltage drop across a 20 mw
resistor connected in series to the load, in the present case a power MOS-
FET. The voltage across the module was, obtained by an STP60NF06
power MOS repeatedly driven from an OFF to an ON condition by a
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linear staircase signal at 0.2 Hz applied to the transistor gate. Data
were continuously acquired through a USB6343 National Instrument
data logger.

= Maorning
—— Midday
—— Afternoon

Current (A)

1 1.2 1.4 1.6 1.8 2 2.2
Voltage (V)

FIGURE 3.3: Experimental I-V curves collected from the bifacial minimodule
in one of the days of measurements.

The data region between ~ 1.8V and ~ 2V the I-V data were fil-
tered because affected by noise due to the acquisition system. These
data points were eliminated and excluded from further data analysis
since it does not add any further information. Anyway, it is important
to observe that data filtering did not alter the capacity to extrapolate
the values of the Isc, Voc, and Pmpp. These quantities were obtained
from the experimental I-V curves reported, for example in figure 3.3.
Each I-V curve was repeatedly taken on each 90 s, obtaining about 250
data sets on average during each day. With this setup, was possible to
follow the daily evolution of the PV system characteristics with high
time resolution and accuracy in the measurements of current and volt-
age of about 0.5% and 0.1%, respectively. Finally, the ambient tempera-
ture data were collected from an in-site weather station.

3.3 Results and Discussion

3.3.1 Module Temperature

Figure 3.4b reports the monofacial and bifacial minimodule tempera-
ture and the ambient temperature collected during one day and the
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averaged over the three days of testes. In the morning temperatures
were low, reaching their maximum at midday when solar irradiance is
at its zenith, and decrease moving to the afternoon. Due to the antire-
flection coating and the consequent dark colour, module temperatures
were much higher than the air temperature since they absorbed solar
irradiation and warmed up. As visible in figure 3.4b, the bifacial mod-
ule is up to about 12 °C warmer than the monofacial module for all
test days. Figure 3.4 reports also the module temperature profiles calcu-
lated according to the proposed model, better discussed further in the
text, which resembles the experimental trends.
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FIGURE 3.4: Data of a single day of module temperature compared with the
values predicted by the model (a) and average values compared with the
model (b). Ambient temperature is also reported as reference.

3.3.2 Module Electrical Parameters

Figures 3.5, 3.6 and 3.7 report, respectively, the experimental data of Isc,
Voc, and electrical energy yield at the maximum power point as a func-
tion of time-averaged in the 3 days of measurements. To evaluate the
energy yield the cumulative energy produced by each minimodule at
its maximum power point was calculated since the start of the measur-
ing period (about 9 a.m.). In the mentioned figure are present also the
modelled curves of the experimental data. The green line at the bottom
of figure 3.5 refers to the calculated Iscp, contribution to the bifacial
PV module Isc due to the albedo light harvest by the rear side of the
PV cell. The Isc difference between bifacial and monofacial operation
is caused by the contribution of the current generated at the back of the
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PV module. From the comparison between the monofacial module and
bifacial Isc, is possible to provide an estimation of the ratio of the solar
radiation flux that arrives at the back surface (Abot) for the one collected
by the front (Atop).

Two photodetectors oriented similarly to the PV minimodules were
used to measure the ratio Abot/Atop. This system is similar to an
albedometer, indeed, one of the cells faces up and the other faces down
towards the ground (for clarity the figure is shown in the next chapter).
The mean albedo is about 17-20%; which means that the radiation im-
pinging on the back is about 17-20% of the radiation incident on the
front. The electrical model depicts this feature nicely as it is possible to
see in figure 3.5.
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FIGURE 3.5: Data of a single day of module Isc compared with the values
predicted by the model (a) and average values compared with the model (b).
The model allows also to separately calculate the current generated by the
back of the module.

Thank to the thermal stability of the SHJ solar cells, the bifacial PV
minimodule shows a higher current output compared to the monofa-
cial one noticeable in the Isc even if the Vpc is moderately lower to the
higher temperature. However, the bifacial module presents a remark-
ably larger energy yield at the maximum power point.

Figures 3.4-3.6 also report the averaged experimental data and the
calculated best-fit curves. The good agreement with the experimental
data permits to performing of quantitative evaluations of the energy
yield of bifacial PV systems. A similar approach was followed for the
other quantities, and the model was confirmed against the average and
single-day data.
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FIGURE 3.6: Data of a single day of module Vo compared with the values
predicted by the model (a) and average values compared with the model (b).
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FIGURE 3.7: Data of a single day of module energy yield compared with
the values predicted by the model (a) and average values compared with the
model (b).

3.3.3 Model of Bifacial PV and Data Fitting

The proposed model is an update of a previous one reported in refs. [54,
57]. That model was proposed to evaluate the I-V characteristics and
energy yield of PV bifacial modules and strings. The actual model as-
sumes a complete three-dimensional (3D) geometry, that surpasses the
simplification of a bidimensional (2D) approximation. In fact, while dif-
ferences in backside irradiance, due to the position of the modules in the
string, can be neglected for longer strings, in the case of a shorter string
the irregularity of the ground led to important differences in terms of
power output [58]. With this in mind, the model takes into account the
impinging solar radiation divided into the direct, diffuse, and reflected
components, modelled by using the ASHRAE model [59], the Global
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Solar Atlas database [60], Liu and Jordan’s isotropic model of diffused
light [61], and the nominal operating cell temperature (NOCT) model
[62]. The solar radiation impinging on the bifacial PV device was sepa-
rated into two parts, that is, the Isc component due to the solar radia-
tion impinging on the front Iscf,out, and the Isc component due to the
albedo radiation diffused by the ground, Iscpack- Iscfront was calculated
by equation 3.2 considering only the direct and the diffused radiation
incident on the front, exactly in the same way as in the case of the mono-
facial solar cells. Vice versa, Igcp,x was calculated by equation 3.3 only
in the case of bifacial modules, and it was obtained by integrating over
all the infinitesimal elements of the ground on which the PV system
was installed. All the pieces of ground acted as isotropic light sources
diffusing light proportionally to the global horizontal radiation and the
ground albedo as shown in figure 3.8. However, the shaded regions
were set as perfect absorbers to consider the effect of the shadowing on
the performance of the bifacial solar module.

ISCfront =A- /E Sfront(/\) ’ EQEfront(/\) dA (3.2)
4

Iscpack = A - /A dQ) - shadow d A - /E Sback()\) : EQEback(/\) : ,B(A) dA
s 8

(3.3)
The Iscfront was calculated as the integral of the front side EQE with
the spectrum of the solar radiation incident to the front. The Iscpuck
was obtained by integrating all the infinitesimals ground elements and
considering them a centre of the diffused radiation, the intensity of this
radiation is proportional to the solid angle between the ground element
and the cell back. The model uses wavelength-resolved ground albedo,
backside EQE, and the spectrum of the horizontal component of solar
radiation. For the simulation of a larger module array, a significant
ground area was considered to permit an evaluation of the perimetral
effect due to module self-shadowing. Furthermore, the relation between
module glass reflectance as a function of the incident angle was taken
into account to correct for the increasing reflectivity which reduces the
collected radiation.
The overall Isc for the bifacial module was calculated as the sum of
Iscfront and Iscpack, while the cell current-voltage characteristics were
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calculated according to simple current source/single diode lumped el-
ement circuit model reported in [63] considering the series of all the PV
cells. For the minimodules, the computation simulate and numerically
calculated the series of 3 cells. In the case of a large module modelling,
the computation takes into account the series of 432 cells in a string of 6
PV modules. The V¢ was obtained as the PV string voltage when the
current is equal to 0 A, whilst the PMPP was evaluated as the maximum
of the power produced by the system.

FIGURE 3.8: 3D representation of the simulated system.

One of the most important parameters for the PV cell circuit model
is the cell temperature which, needs to be properly modelled. Differ-
ent models use different approaches to model the module temperature
[64]. For simplicity and to not burden the computational speed, the
proposed model ignores the effect of wind. By the way, the outdoor
measurements were performed under light breeze conditions [65] that
correspond to the 1ms~! wind speed used for measuring the NOCT.

One of the most important parameters for the PV cell circuit model
is the cell temperature which, needs to be properly modelled. Differ-
ent models use different approaches to model the module temperature
[64]. For simplicity and to not burden the computational speed, the pro-
posed model ignores the effect of wind. By the way, the outdoor mea-
surements were performed under light breeze conditions [65] that cor-
respond to the 1ms~! wind speed used for measuring the NOCT. Fur-
thermore, Zouine et. al. reported that models that include wind may be
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even less accurate than those that do not consider this factor, especially
in non-windy locations [66] From these assumptions, NOCT model was
used as a base to adapt for describing the experiment. Moreover, the
NOCT parameter is usually used for commercial and industrial pur-
poses, and for this reason, a correction that extended the model to BPV
would be desirable. The experiments reported in this thesis experimen-
tally measured the PV module temperatures both in bifacial and mono-
facial cases, and noticeable differences were observed, as shown in fig-
ures 3.4 and 3.2. Therefore, to take into consideration the large observed
temperature difference, the model of refs.[54, 57] was refined as follows:
The conventional equation for evaluating monofacial module tempera-
ture is:

NOCT,;s — 20
bf) (3.4)

800

where Ef,,,; is the intensity of the solar radiation impinging on the

Tym = Tamp + Efront : <

PV cell front, to be expressed in Wm~2, while NOCTmono is the nomi-
nal operating condition temperature to be expressed in °C. The above
equation 3.4 is suitable only for monofacial modules. When bifacial
modules are modelled is needed to consider the radiation that hitting
on the back, in contrast with monofacial modules, where the radiation
impinging on the module’s back surface is largely reflected away by the
white back sheet. It follows that the temperature of the monofacial mod-
ule is more stable than the bifacial one. Indeed, the ground radiation
does not contribute to the module temperature. The large temperature
differences observed experimentally between monofacial and bifacial
modules can be explained by the irradiance mismatch (figures 3.4 and
3.2). Based on such premises, a modified equation similar to equation
3.4 is introduced as follows:

NOCTys — 20
800

where Ty, is the temperature of the bifacial PV module, and NOCT;¢
is the NOCT of the bifacial PV module. Despite simply adding the
radiation impinging on the back surface to Efy, it is more truthful
to consider this additional term by concerning the real contribution to
the heating processes. Indeed, calculating the ratio between Iscp,cx and
Isc front, the amount of dispersed radiation is taken into account insofar

Tym = Tamp + (Efront + Ebuck) ’ ( (3.5)
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TABLE 3.1: Best-fit values of the proposed model compared with the STC cell
values.

Parameter Best-Fit Value Measured STC Value
PV cell Isc 9.15 A 9.30 A
PV cell Ve 720 mV 730 mV
PV cell Rs 6 mQ) 3 mQ)
PCCE at mpp 21.1% 22.7%
«T —0.26%°C~! —0.26%°C~!
Mini-module NOCTmono 42 °C -
Mini-module NOCTDbif 47 °C -

as only the absorbed radiation participates in the thermal motion. As
matter of fact, as previously described, the main factor in the calcula-
tion of Isc is the EQE, which is independently considered for each side
of the bifacial cell. As a consequence, the portion of irradiance that is
reflected or transmitted is excluded from the calculation and does not
contribute to cell heating. Then, from these assumptions and using the
model above described and refined implementing the equations 3.4 and
3.5, the best-fit curves of the model to the data of figures 3.2-3.7 were
calculated.

The fit parameters used for the modelling are the NOCTbif, NOCT-
mono, the power temperature coefficient aT, Isc, Voc (at module STC),
and the series resistance Rs. The obtained best-fit values are almost the
average values reported in a work that used the same cell technology in
the case of bare SHJ cells in STC [67]. The slight divergences in the order
of 10% around the reported STC values were found for the V¢ and Isc
but are consistent with the lamination process. Rs parameter has shown
an increase up to a factor 2 of the STC. This increment is expected due
to the bar-bussing and lamination processes which can produce some
ohmic losses and the consequent worsening of the series resistance. The
best-fit values used for the curves calculated in figures 3.2-3.7 are re-
ported in table 3.1.

The prototypal nature of the module structure and lamination pro-
cess led to an anomalous best-fit value. These entries, indeed, corre-
spond to lower performances if compared with the bare cell parameters
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measured in STC, which often happen in these cases [68]. Nonethe-
less, the founded best-fit values are close enough to the initial STC cell
parameters, and the resulting curves calculated by the proposed model
fine imitate the experimental data, in the case of PV system energy yield,
and for the other fundamental physical parameters as module temper-
ature, Voc, Isc).

Regarding the best-fit value of NOCTyf, it is visible that the result is
larger than NOCT,0n0. This result was expected because the operative
conditions to measure the NOCT, are limited to the case of monofacial
module certification. Indeed, the module is irradiated at 800W /m?, at
45° inclination, and 20° ambient temperature, and with a wind flowing
at 1 m/s. Given the definition and the previous assumption, it appears
reasonable to assume that NOCTyy is larger than NOCTyon, since, un-
der solar irradiation in an open field, the bifacial module collects the
albedo light from the ground. Therefore, more solar power is collected
by the bifacial module and dodged by the monofacial module, resulting
in a higher module temperature.

3.3.4 Model Extrapolations to Annual PV Energy Yield and Ef-
fect of aT

The evaluation of the model through the fitting of the experimental data
permits the extrapolation of realistic parameters for a larger PV system.
In particular, PV module strings of many modules rather than minimod-
ules of a few cells were taken under test for the calculation of the yearly
energy yields rather than daily yields. For this purpose, a realistic PV
system configuration was chosen and considered a large ground area to
minimize the perimetral effect that can affect the comparison between
monofacial and bifacial PV strings[54]. Furthermore, the perimeter size
was optimized to achieve the maximum possible gain of the BPV energy
yield.

As for the minimodules, the latitude chosen for the comparison was
the latitude of Catania (37°26” N, 15°4" E) and the same temperature
profile (Catania in the year 2017, as reported in [25]). For the rest of the
discussion, the systems analysed were assumed to be oriented facing
the south and with a tilt of 35°, these parameters follow the experimen-
tal setup just described because this is the tilt angle that has shown the
maximum annual energy yield. Figure 3.9 reports the relative bifacial
gain, defined as:
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) EYbif - EYmono
EYmono

where EY stands for energy yield, according to the temperature pro-
file of Catania in 2017. The case considered were two: the first is a
three-bifacial cell minimodule installed at an average height of 55 cm
(the outdoor studied case depicted in figure 3.1 the latter is a string of 6
modules of 72 cells (6 cells high and 12 cells wide) of 1m * 2m arranged
in a 2 * 3 configurations (2 modules high and 3 modules wide), installed
at an average height of 2 m (red curve). Both cases were in a landscape-
type installation, i.e., with the PV system long side along the east-west
direction.

BG = 100 (3.6)
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FIGURE 3.9: Modelled relative bifacial gain over the course of the year for a
minimodule (blue) and a string of six modules (red).

Figure 3.9 shows clearly that the system with the largest energy yield
is the three-cells module. The size of the PV system is quite larger than
the mini-modules and this increased the self-shadowing effect. Indeed,
the differences in the ground illumination and then in the reflected light
that arrives at the rear of the PV cell become uneven. Since all cells are
in series, the PV cell with the worst backside illumination drives the
entire current and as consequence, the one with the lowest IscSC will
dictate the energy yield. This effect becomes much stronger for a large
string of 6 modules with 432 cells; therefore, the PV relative bifacial gain
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is clearly lower. However, the calculated relative bifacial gain remains
always above 10%, with a clear and remarkable advantage of energy
yield. These results are in good agreement with other experiments re-
ported in refs. [69-71] and with the calculated values reported in refs.
[72, 73]. Noteworthy is that, according to the model, the maximum dif-
ference in temperature between bifacial and monofacial modules is be-
tween 9 °C and 12 °C at the latitude of Catania throughout the year.

20
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FIGURE 3.10: Modelled percent increase in relative bifacial gain over the
course of the year of a six modules string for different values of the power
temperature coefficient.

The relevance of the aT parameter for application in the bifacial
setup was investigated. PV technologies with low aT (in absolute value)
present an advantage, especially for application in warm climate re-
gions. This feature is crucial in the case of bifacial systems that tend
to become hotter than monofacial ones. Hence, one expects that the rel-
ative bifacial gain will be better in technologies with low aT in absolute
value. To quantify the advantage, a calculation using the model here
proposed was performed.

Figure 3.10 shows the relative bifacial gain calculated for a year con-
sidering the temperature profile of Catania in 2017 and for the case of
one string of 6 modules in a 2 x 3 landscape configuration, as previously
described. The parameters used as inputs for the model are the same as
reported in Table 1 for the previous calculations, except for aT, which
ranged from —0.26%/° to —0.45%/°. These values correspond to the
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most diffuse thermal coefficients for silicon PV technologies currently
on the market. As expected, as aT increases in absolute value the rela-
tive bifacial gain decreases. From the best to the worst case, the change
is noticeable, of about —20%. In all cases, however, the bifacial systems
show a strong advantage in terms of energy yield.
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Chapter 4

Effects of solar spectrum and
albedo on the performance of
bifacial SH] mini-modules

4.1 Experimental setup

The experimental setup employed for the experiment is quite similar to
the one described in chapter 3. The cell electrical parameters and mini-
modules installed are summarized in 4.1.

Moreover, the solar spectrum was monitored in clear-sky conditions
using the system depicted in figure 4.1d. The system consists of a monochro-
mator (Newport, model: C5130-RG-1-MC), an optical fibre mounted on
a dual-axis tracker (which continuously tracks the sun position) and
connected to the input of the monochromator to collect the incident so-
lar light and a Si photodiode at the monochromator output. The system
was used to measure the solar spectrum evolution from 350 nm to 1100
nm as a function of solar time. The ambient temperature data were col-
lected from a nearby weather station.

The solar irradiation was measured by using an MS-40 EKO pyra-
nometer. The pyranometer was tilted at 35° like the mini-modules. The

TABLE 4.1: Experimental setup parameters.

Isc Voc BF PCCE Inclination Height Orientation
93A 730mV 90% 22.7% 35° 55 cm South
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FIGURE 4.1: Pictures of the experimental setup. (a) Westside view of the setup
and in foreground the solar irradiance measurement system.(b) Rear and (c)
front view of the minimodules.(d) Solar spectrum measurement system.

solar spectrum was monitored with a spectrophotometer. The current-
voltage (I-V) characteristics of both mini-modules have been measured
in a Kelvin configuration simultaneously and independently. The cur-
rent is evaluated by the voltage drop across a known resistor in series to
the MM and the BM, respectively. The voltage across the mini-module is
swept by a variable load, obtained by a powerMOS driven from OFF to
ON condition. All the sensors” data were acquired through a National
Instrument data logger. Two conditions of ground albedo were studied:
asphalt and a white plastic sheet (WPS), as shown in figures 4.1b and
4.1c.



Chapter 4. Effects of solar spectrum and albedo on the performance 8{
bifacial SH] mini-modules

00 600 900 1100 00 600 900 1100

Irradiance (Wlmz) Irradiance (Wlmz)

© ‘ @

200 ‘
14
150 13

- n
@ S
3 3

Power output (W/mz)
g

Power output (W/m?)

o
3

0 | ol |
300 600 900 1100 300 600 200 1100
Irradiance (W/m?) Irradiance (W/m?)

FIGURE 4.2: Isc as a function of irradiance for MM (a) and BM on WPS (b);
Power output as a function of time for MM (c) and BM on WPS (d).

4.2 Irradiance effect on electrical output I;. and power
output

4.2.1 Effecton [, and power output

Figure 4.2a and figure 4.2b show cumulative data of I collected over
the measurement period as a function of irradiance and daily time for
MM and BM on WPS, respectively. I increases with the solar irradi-
ance, but the MM has lower values under the same solar irradiance,
with a difference of about 2 A. Besides, while the MM shows no differ-
ence in I;; between morning and afternoon, the BM is characterized by
higher I, values in the afternoon; this effect is even more visible with
the WPS owing to its high albedo.

Figure4.2c and figure4.2d show the power output as a function of
irradiance for MM, BM on WPS. As expected, the power output of the
MM is lower than the BM output. Similarly to what has been observed
for the Is., the BM power versus irradiance graphs shows the same dif-
ference in values between morning and afternoon. A noticeable drop in
power output for the MM in the afternoon is observed. This is due to
the sunlight’s low angle of incidence. On the contrary, the BM harvests
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FIGURE 4.3: V,. as a function of time for MM, BM and BM on WPS (d, e and f
respectively).

the albedo irradiance on its rear face, therefore producing more power
and for a longer time.

The I, difference results from the cooperation of two effects: the
ability of bifacial modules to collect diffused light from the ground and
the behavior of the solar spectrum during the day.

4.2.2 Effecton V,

The temperature difference between the modules perfectly explains the
different behaviour in terms of V,, as shown in Figures 4.3(a,b,c). As
expected, the V| is high in the morning and late afternoon, when the
modules are cold, and it is low at noon when the modules are hotter.
The MM generally shows the highest V,. value (2.15 V) and the low-
est module temperature (20 °C). Figures 4.3 (b) and (c) show how the
temperature adversely affects the V. of the BMs: the BM on asphalt
(Figure 4.3 (b)) exhibits a more constant trend of V,, ranging from 2.02
V to 2.1 V; the BM on WPS (Figure 4.3 (c)) has the lowest V,. (2 V) and
the highest temperature at noon. Furthermore, both BM configurations
have never surpassed the V;. of the MM.

4.2.3 Albedo influence on module performance

To investigate the first contribution, the albedo was measured, for this
particular case defined as the ratio of the photocurrents detected by two
calibrated silicon solar cells, one facing up, towards the sky, oriented
like the PV modules, and the other exactly parallel, but facing down,
seeing the ground. Data collected during one day are reported in fig-
ure 4.4, showing that the ratio is higher in the afternoon. This effect
arises from the consideration that the reflectivity of asphalt is promi-
nently high in infrared region [55], and the solar spectrum shifts to a
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FIGURE 4.4: Ratio of the intensities registered by the photodiodes over one
day.

higher wavelength in the afternoon. Therefore, the light impinging on
the back side of the BM in the afternoon is higher than at midday and
this causes the BM to produce higher currents in the afternoon given the
same frontal irradiance, as observed.

4.2.4 Solar spectrum evolution

As previously anticipated, the time evolution of the solar spectrum was
acquired during the daytime. Figure 4.5 shows how the central spec-
trum wavelength (CSW), calculated as the average wavelength weighted
by the solar spectrum intensity, increases in the afternoon. There is a
clear variation of the solar spectrum shape during the day. The trend is
almost symmetrical with the center at noon but shows a rapid increase
after 3 pm. The CSW reaches its maximum of 728 nm at 4 pm, with a
difference of over 40 nm compared to noon.

The redshift is expected to increase efficiency based on the respon-
sivity of the SHJ cells. The produced current per impinging watt rises
with the radiation wavelength and it reaches its maximum at 1030 nm.
These data explain the increase of module efficiency in the afternoon,
when more infrared photons contribute to the module output, as demon-
strated in 4.5. The effect is even more robust in the BM than the MM
because the former absorbs light from both sides of the cells.
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Chapter 5

Bifacial photovoltaics and
membrane electrolyzer as
highly efficient solar
hydrogen production system

5.1 State of art

Mitigating climate change urgently requires the adoption of renewable
energy, CO, sequestration and carbon-neutral energy technologies.
Amongst these, photovoltaics is becoming one of the most important.
PV energy prices are now highly competitive compared to
conventional fossil fuel sources, but the intrinsic randomness of solar
power due to the day/night cycle, geographical location, and seasonal
variations, etc poses problems. A very promising approach, to solve
these complications, is that of solar fuels, i.e.,, the production of
carbon-neutral fuels using solar energy, such as H, by means of water
electrolysis. For this purpose, one possible solution is a photovoltaic
system with suitably designed electrochemical cells (EC), possibly
avoiding external electronics to match PV and EC, to decrease costs
and increase system reliability [30].

To achieve a large-scale deployment, the cost of solar hydrogen
generation must still be significantly reduced. Some figures of merit
that can be used to estimate H2 generation costs are solar-to-hydrogen
efficiency (STH) and H; flow per unit area of a PV cell. Very recently, a
record STH efficiency [74] of 30% was reported through the use of a
concentrated triple-junction solar cell made of InGaP, GaAs and
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FIGURE 5.1: Device’s light absorber’s geometric size with reported STH [81].

GaInNAs and a polymer electrolyte membrane electrolyser cell
(PEM-EC) with Pt and Ir catalysts operating at 80 °C with a solar
concentration of 42 SUN. Other remarkable results with comparable
approaches have also been obtained by other research groups [75-77].
To reduce H; production costs, one approach is to use silicon-based
solar modules instead of a multi-junction solar system. More recently,
c-Si modules and Silicon Heterojunction solar cells have been
implemented in solar-hydrogen devices [78, 79]. SHJ have been
connected to an alkaline electrolysis system with Ni foam electrodes
operating under basic electrolytes (1 M KOH), as well as to a PEM-EC
system containing Pt and IrOx catalyst coatings on a 177 um-thick
Nafion membrane [80]. With both systems, by illuminating a PV area
of 5.7 cm2, under a solar simulator at 1000 W /m?2, an STH efficiency of
14.2% has been demonstrated. Figure 5.1 report several STH records of
technologies and setups used for hydrogen generation taking into
account the area of light absorber [81], the star represents the achieved
goal of the PECSYS project. In the last few years, the Si PV research
community has paid ever more attention to the development of bifacial
Si PV modules. With this technology, a PV module collects sunlight
from both the front side, by collecting the albedo radiation diffused by
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the ground, producing a noticeable increase in the PV energy yield. For
this reason, the problem of the optimization of the bifacial module
installation is widely investigated in the literature and the PV
community, as it holds great promise for the further improvement of
PV technology [46—49, 82-85].

5.1.1 Experimental setup

In the interest to reduce the voltage drop across the wiring, the PV
mini-module is directly coupled to the PEM-EC cell through the use of
low-resistance copper cables. The current flowing through the system
is evaluated with the voltage drop across a 1.30 m () resistor in series.
Meanwhile, the horizontal solar radiation is evaluated using an MS-40
EKO pyranometer, while the solar radiation at the PV module tilt angle
orientation is measured by a calibrated Si reference PV cell. All the
data are acquired through a CR1000 Campbell Scientific data logger
and analysed by data treatment software (Matlab®). Figure 5.2a and b
display a schematic drawing and picture of the system, respectively.
The PEM-EC is operated at ambient pressure and low temperature of
less than 40 °C.

(@) (b)

FIGURE 5.2: (a) Schematic of the coupled PV-PEM-EC system and (b) picture
of the system.

Under these conditions, the Faradaic efficiency was considered
about 100% [86], for this reason, the H; flux is evaluated by the
instantaneous electrical current flowing in the system. The water is
stored in an atmospheric open tank with a volume of 300 mL. Water is
supplied to the EC device via 6mm PTFE tubing and an active water
circulation system has been avoided as unnecessary. Hydrogen and
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Oxygen in this experiment are not stored but are released into the
atmosphere.

5.1.2 PEM-EC design

The PEM-EC system, made by the Jiilich research centre, is composed
of different functional layers that ensure a good media supply to the
electrochemically-active layers, a relatively high power density and
high efficiency. The cell itself consists of flow field structures made of
expanded carbon material, which is machined utilizing water jet
cutting. The diffusion layer is in contact with the flow structure and
has a porosity of 80% and electrical conductivity. The electrochemically
active layer is made of a mixture of Nafion and Iridium, with a catalyst
loading of 2.7 mgcm =2 Ir at the anode. At the cathode, platinum is the
catalyst material and catalyst loading is 0.7 mgem™> Pt.  The
electrochemically active layers are in contact with a Nafion HP
membrane with a thickness of 20 um. The electrodes area is 10 cm?.

5.1.3 Optimal bifacial conditions determination

Bifaciality requires optimization to take full advantage of the ground
albedo radiation. Based on a model created previously and described
in [54, 57], it was possible to predict bifacial solar module installation
optimization, based on the numerical evaluation of the photocurrent
collected by the backside of the bifacial solar cell. Briefly, the model is
based on the evaluation of the solid angle under which each ground
element sees the solar cells taking in account the isotropically diffuses
horizontal solar radiation incident on the element reduced by the
normal incidence reflectivity of the ground. Furthermore, the model
includes the wavelength (A) dependence of the external quantum
efficiency of the solar cell. EQE and detector responsivity was acquired
through Bentham PVE 300, in the range from 300 nm to 1100 nm, and
used for the model calculation. Figure 5.3 shows both the responsivity
and EQE of a single SHJ cell, from both sides. The electrical response
per impinging watt rises with the radiation wavelength and reaches its
maximum at 1030 nm.

Considering, the latitude and longitude of Catania-Passo Martino
(37°240N, 15°10E), where the experiments have been performed and
applying the model in this context it was possible to evaluate the best
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FIGURE 5.3: Spectral responsivity (a) and external quantum efficiency of both
front and back side of SHJ solar cell.

possible bifacial PV system design to drive a water-splitting PEM-EC
cell. Figure 5.4a and b report the daily energy yield calculated by the
model taking in account two parameters the inclination (tilt angle) of
the module concerning the horizontal plane and the module’s height.

In figure 5.4a, a clear maximum is evident at approximately 35-40°,
close to the local latitude. This is in good agreement with the
evaluations of [87] for monofacial PV systems. From figure 5.4b, it is
evident that at a height above 40 cm, the energy yield increase drops.
Therefore, based on the results of figure 5.4a and b and of the above
considerations, the PV system has been designed by using three cells
organized in one row, with a 35° tilt angle and a 50 cm module height.
Figure 5.4c reports the daily energy yield of the horizontal three-cell
PV system with a 35° tilt angle and 50 cm height as a function of the
average ground albedo. The zero albedo corresponds to the monofacial
energy yield. The PV energy yield increases with the albedo. In our
experiment, the average albedo («) is 30%, so the expected PV energy
yield increase, compared to the monofacial system, is +13.6%.
Moreover, as the albedo increases, the expected energy yield increase
(YAF) is about +6 Whr per m? and per % albedo, equal to +0.45% per %
albedo.

5.1.4 Effect of bifaciality on hydrogen production

To better understand the effect of bifaciality on the system, two
configurations were tested. The monofacial module is the same bifacial
PV module, but with an added white sheet placed on the module’s
backside to shield the back-side illumination from the ground albedo.
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FIGURE 5.4: Daily energy yield: (a) with an average ground albedo of 30% as
a function of module inclination (tilt angle), constant height of 50 cm; (b) with
an average ground albedo of 30% as a function of module height at a fixed
tilt angle of 35°; (c) of a three-cell PV module with a 35° tilt angle and 50 cm
height as a function of the average ground reflectivity.

Before setting up the demonstrator the current-voltage characteristics
of the system was performed components. Figure 5.5 shows the
current-voltage (I-V (a)) and power-voltage (P-V(b)) characteristics,
that is the PV mini-module, and the PEM-EC cell, acquired in standard
conditions obtain by the solar simulator (25 °C and 1000 Wm™2
incident solar radiation). Bifacial and monofacial characteristics are
shown as red and black solid lines, respectively.

The PV module efficiency (#PV) is defined as the ratio between the
module maximum electrical power Pmpp, shown in Fig. 4(b) and the
incident solar optical power (corresponding to an optical power density
Pin). For P;, = 1000 Wm? the obtained efficiency value #PV for the PV
mini-module operating in monofacial mode is 16.4%, calculated as:

_ Pmpp
V=NA Py

where N is the number of cells in the mini-module for this system
equal to 3 and A is the cell area (243.36 cm2). The bifacial module
shows a +12% increase of power in the MPP, and therefore of the
effective efficiency, compared to the monofacial module, which is in
good agreement with the simulations shown in figure 5.4. 3 (ground
with about 30% average albedo). The characteristics of the PEM
electrolyzer at 25°C are shown in Fig. 3 (a) and (b) as blue lines. In
general, the operating point of the EC-PV system, defined by the
couple (Vc, Ic), is obtained as the intersection of the EC cell and PV

(5.1)
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FIGURE 5.5: (a) Current-voltage characteristics of the three-cell PV module
in monofacial and bifacial operation and of the PEM electrolyzer; (b) power-
voltage characteristics of the three-cell PV module in monofacial and bifacial
operation and of the PEM electrolyzer. The right axis shows the corresponding
PV module power density.

module I-V curves, as visible in Fig. 3(a). Then, the STH efficiency is
defined as:

NF
STH=123-1,- ———— 5.2
"N A D, (5.2)
Assuming a 100% faradaic efficiency (#F) as discussed above, for a
given PV module with short circuit current ISC, the maximum
achievable STH is:
I

STHyax = 1.23 - *

N A D, (5.3)

In particular, from the data shown in figure 5.7(a) and (b), the
STHpax is equal to 13.7% in monofacial mode. For the EC cell the I-V
curve can be approximated to a linear relationship, that is:

Ve = Vth + Ree - Ie (5-4)

where Vth is the threshold voltage above which the EC current is
larger than zero, and R, is the EC cell series resistance. In the present
experiment Vi, = 155 V and R, = 13 m(), therefore Vc is
approximately at the PV module maximum power point, i.e. Vc =
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Vmpp = 1.65 V. Figure 5.6 shows that the expected STH is about 90% of
STHmax, confirming the system designed and the good match
between EC and PV-module.

Figure 5.7 presents the comparison of H flux (a) and STH (b) of the
same system operating in bifacial and monofacial mode, measured
outdoor from approximately 9 a.m. to 4 p.m. The data were measured
on two different days with the same system (except for the use of the
white sheet on the PV module’s backside in the case of monofacial
operation).

155
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FIGURE 5.6: Ratio between the calculated STH value at Vc and the maximum
STH, STHmax, as a function of the EC cell resistance REC and of the EC
threshold voltage VTH.

The solar irradiation conditions (reported in Figure 5.7(a)) were
measured through the calibrated Si reference cell. It is evident that
during bifacial operation, the H; flux and STH efficiency were larger,
with an average increase to the STH efficiency obtained with the
monofacial system, of 14.7% and 12.2% between 11 a. m. and 2 p.m.,
respectively. Such a noticeable difference is attributed to the effective
collection of albedo radiation from the ground by the bifacial PV
system. Noteworthy is that such an H; flux production increase is
achieved with no extra equipment, such as the mirrors of Fresnel
lenses for solar radiation concentration, with the possibility to increase
the performance with a simple white panel. Indeed, figure 5.7(a)
reports the comparison of the bifacial PV-EC system operating simply
with the ground albedo due to only the asphalt (See figure 5.8a), or
with an increased albedo due to the addition of a 1m? plastic white
panel placed on the ground below the PV module.
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FIGURE 5.7: (a) Solar irradiation conditions (SUN) and H; flux per unit
PV area, measured during outdoor operation in a bifacial or monofacial
configuration. The same system was tested on two different days, exhibiting
similar solar irradiation and weather conditions: (b) comparison of the STH
efficiency.

Figure 5.8a shows the reflectivity as a function of wavelength
measured for the asphalt and the white panel. The experimental setup
is shown in figure 5.8b. As the average albedo with the white panel is
53%, against the value of 30% of the asphalt, according to the
simulation in Fig. 3(c), the yield increase should be the YAF times the
albedo increase, equal to +20%, which is a total of 0.45 X 20 = 9%
expected yield increase. As shown by the data in figure 5.7, the
increased albedo obtained with the white panel on the ground
produces an increase of H; flux and an STH efficiency of about 5.5%, to
the bifacial panel results.

The experimentally derived value is lower than expected from the
model, but this is reasonable, as the albedo increase is only partial,
given the limited dimension of the white sheet (1m?) used for the
experiments. Nevertheless, the results indicate that higher ground
albedo can effectively increase the hydrogen production yield.
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FIGURE 5.8: (a) Reflectivity versus wavelength of the asphalt and of the white
plastic panel; (b) picture of the experimental setup, using the 1 m? white plastic
panel on the ground.

5.1.5 Long term stability

Figure 5.9 shows the experimental results taken on the system on eight
different days. H, flux, STH Efficiency and solar irradiation data,
together with the average daily temperature are reported in the figure.
As it is evident, weather, temperature and solar irradiation conditions
varied across a wide range of values, as can be seen from an inspection
of the data of figure 5.9 . Nevertheless, no appreciable change of STH
efficiency was observed for a total operation time of about 55 h,
indicating that the proposed approach is promising in terms of
performance and endurance.
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Chapter 6

Improved Fe-based catalysts
for Nitrogen reduction
reaction

6.1 Introduction

As stated in the introduction ammonia is not only an important
chemical, largely essential in agriculture as fertilizer, as well as for
plastics and pharmaceuticals, but it is also a promising energy vector,
because of its high hydrogen content, high volumetric energy density
and easy of liquefaction for storage [18, 88-90]. Industrial production
of ammonia mainly relies on the well consolidated Haber-Bosch
process, that requires high temperatures (350-550°C) and high
pressures (150-350 atm) to make efficient the reaction between nitrogen
and hydrogen gases (N + 3Hy — 2NHj3, AfH0=-91.8k] mol~!) and
it is responsible for massive CO, generation, roughly corresponding to
about 2% of worldwide emissions [91, 92]. Nitrogen reduction reaction
to ammonia obtained through electrocatalytic processes is considered
an interesting alternative since it offers the possibility of directly using
water as hydrogen source and can be conducted at ambient
temperature and pressure [93, 94]. Despite the great interest and the
efforts that have been made to improve the ammonia formation yield
rate, the electrochemical synthesis of ammonia is still at a nascent stage
and it faces many drawbacks [95]. The e-NRR mechanism is quite
complex and still unclear, even if many efforts have been devoted to
the elucidations of its highlights.
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Basically, it consists of three steps:

1. N adsorption at the active site.
2. Hydrogenation.

3. Desorption of the NHz molecule from active sites.

Once the Nj approaches the surface, different paths are possible
according to the predictions already present in the literature and based
upon the breaking of the N==N triple bond, discussed in chapter 2.
The most mentioned in literature are the dissociative and the
associative mechanisms. In the former the triple bond is broken during
adsorption on the catalyst site, so, after hydrogenation, the surface is
populated by NHx species. In the associative pathway, instead, the N>
molecule is broken after adsorption during the hydrogenation process
and the catalyst sites are covered in principle with NpoHXx species as
discussed in the chapter 2 [96, 97]. Furthermore, for both cases
hydrogenation could occur following a) Tafel type mechanism, with
protons first adsorbing on the surface, it combines with electron and
then reacts with adsorbed N-type species or b) Heyrovsky type
reaction where the N-type species directly bond with protons from the
solution and electrons from the electrode [97]. The latter is the most
widely accepted approach since the Tafel model is considered
extremely sluggish.

However, the stability of the covalent N, bond typically shifts the
potential required for e-NRR to regions where the protons reduction to
Hy is favored. Therefore, one major challenge for nitrogen reduction is
the low selectivity due to the competing hydrogen evolution reduction.
This usually determines low faradaic efficiency for nitrogen reduction,
since a largest number of electrons is used for hydrogen evolution,
whilst only a small fraction is used for reducing nitrogen. To overcome
the selectivity challenge, an optimal catalyst should be able to enhance
the e-NRR activity and suppress the activity of the competing HER.
Theoretical studies based on Density Functional Theory calculations
provide predictions on catalysts materials and morphology, such as the
effects of defects, facet and surface functionalization [98-102].
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6.2 State of art

Recent works have demonstrated the potentiality of noble metals such
as Au, Rh and Ru for the e-NRR reaction, with yield rate up to about
6¢h~tcm =2 for Ru and faradaic efficiency of 13.36% for Au, with a top
NHj3 yield rate of 9.43h 1m gc’a} [94, 103-108]. However, the use of earth
abundant catalysts would be preferable because their availability.
Transition metal based materials, for example, offer an compelling
alternative: whilst non precious, they would be desirable for a
sustainable and circular economy [109, 110]. In addition, they seem
very promising for e-NRR, thanks to the presence of d orbital electrons
and unoccupied orbitals suitable for activating the strong N=N
triple bond [111, 112]. The e-NRR mechanism associated to the TM
materials is the associative Heyrovsky model, with catalytic sites
populated by NoHx species [97]. Among low-cost materials, Fe-based
catalysts have received attention because of the high activity. Iron is
abundant and it also plays a key role in biological nitrogenase for
natural N fixation, so there is growing interest in Fe based catalyst and
its oxides where the intrinsic HER activity could be suppressed. For
instance Fe/Fe30y4, Fe304/Ti have shown Faradaic efficiencies of 8.29%
and 2.6% and rate of 0.2ugh ‘cm=2 or 3.42ugh~lcm=2, respectively
[110, 113, 114]. Single atom catalysts (SACs) made of isolated single Fe
atomic sites anchored to N-doped carbon frameworks have shown a
yield rate of 62.9ugh~'mg_} [115]. Recently, also Fe;O; has been
investigated as an active catalyst material in a molten hydroxide water
electrolysis cell where NH3 was directly synthetized at 200°C and 25
bar achieving a faradaic efficiency of 35% [116]. However, high
temperature electrolysis requires high power supply and complex
facilities, making it less compatible with renewable energy sources.
With the aim to perform the electrochemical synthesis of ammonia at
low temperature, several Fe-based catalysts with different chemical
states have been analyzed and the results show that the manipulation
and engineering of the surface states by changing the morphology is a
good strategy to provide active sites and promote interactions between
electrocatalysts and gas, allowing a gain in the Faradaic efficiency if
compared to untreated Fe surface [117].
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6.2.1 Experimental

The experimental apparatus and procedure are described in figure 6.1.
A rigorous protocol was adopted to remove the external
contaminations widely discussed in the literature [118-121]. Before
chronoamperometry experiments, both cell and electrodes were
washed at 35°C in water while stirring the solution for 30min.

SCE

Gas inlet

Cathode

FIGURE 6.1: Scheme of the electrochemical cell in operation.

N> and Ar (Nippon Gases 99.9999%) were purified by going
through three gas washing bottles, placed before the cell, two of which
were filled with 10mM H,SO4 while the third contained only water. An
additional acidic trap was placed after the gas outlet. The electrolyte
was analyzed before experiments (time T0), then the cathode and the
anode compartments were filled respectively with 22ml and 8ml and
they were measured again the solution after 10min (time T1) and
40min (time T2) at the open circuit and with nitrogen flow, to detect the
ammonia already present in the cell, if any. If the NH3 concentration
was more than 107®M and/or it changed with time, the cell was
emptied and rinsed again.  This approach allowed a careful
investigation of the possible contaminations originating inside the
system, e. g. ammonia already present on the electrode surface or in
the cell. The quantity of ammonia presents at the open potential was
subtracted from those measured after experiments with external
voltage applied. The same measurements were done on both anodic
and cathodic compartments but no NHj3 increase was detected at the
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anode. Ar-saturated control experiments were performed at the same
bias or with inactive catalysts as recommended in the literature [117].

6.2.2 Ammonia Quantification
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FIGURE 6.2: (a) UV-Vis absorbance spectra for the indophenol procedure with
various NH4* con-centration ranging from 0.015ugmL~! to 0.015ugmL =" in
PBS solution. (b) The corresponding calibration curve.

The amount of ammonia in the solutions was measured based on
the indophenol blue method reported by Di Zhu et al. with slight
modifications [102]: 1 mL of the electrolyte was mixed with 1 mL of a
mixture solution consisting of NaOH (1 M), sodium citrate (5wt%), and
salicylic acid (5wt%), followed by adding 0.5 mL of a NaClO solution
(0.05 M) and 0.3 mL of a sodium nitroferricyanide solution (0.1wt%).
The obtained mixture was kept for 30min in the dark to prevent the
Fe-catalyst photodegradation. The absorbance of the solution was
detected at A= 655 nm through an ultraviolet-visible (UV-vis)
spectro-photometer (Bentham PV300) [122]. To calculate the amount of
produced NHj;, the calibration curve was fitted using standard
ammonia chloride solutions, prepared in PBS electrolyte solution in the
range between 0.15 and 0.015 ugmL~! as reported in figure 6.2.

6.2.3 Catalyst Preparation

For the catalyst synthesis several aqueous solutions were prepared
with 1 mM, 2 mM and 10mM of FeClz (anhydrous, powder, < 99.99%
from Sigma Aldrich). A drop of 0.6ml of each solution was placed on
carbon cloth (AV Carb 1071 HCB) substrates (3 x 1.5) cm? on a hot plate
at 80°C. After water evaporation, substrates covered with the FeCl3
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powder were treated in NaBH, (powder, < 98.0% from Sigma Aldrich)
100mM for 60s, at 21°C while stirring the solution at 200rpm. The Fe
ions is reduced into elemental Fe on carbon cloth surface by NaBHy
according equation C 6.1 generating iron nanostructure.

Fe’* + NaBHy — Fe’(s) | +Ha(g) 1 + B(OH);3 (C6.1)

After this step, samples were abundantly rinsed in deionized water
and dried with air. Some samples were also annealed at 250°C in air for
2h.

6.2.4 Electrode characterization

For the morphological, structural and chemical analyses a Scanning
Electron Microscope (SEM) ZEISS SUPRATM 35 was adopted. The
same deposition procedure was replicated on a carbon grid for
Transmission Electron Microscope (TEM) analyses with JEOL 2010F,
equipped with a spectrometer GIF 2001 for electron energy loss (EELS)
spectrum imaging and bright field (BF) / high angle annular detector
(HAADF) for wide angle diffraction. The electrochemical
measurements, both cyclic voltammetry and chronoamperometry ,
were carried out in a standard two compartments electrochemical cell
using a Pt wire as counter electrode (CE) and a saturated calomel
electrode as reference. The conversion to the RHE reference scale is
obtained using the following equation:

E(‘USRHE) = E(USSCE) + 0243 + 0059 . PH (61)

The cathodic and the anodic compartments were separated by a
ZIRFON PERL membrane (AGFA) [120] and filled with 22ml and 8ml
respectively of 0.01M phosphate buffer solution as electrolyte (PBS
tablets by Fisher Scientific). Measurements have been performed by
using a Keithley 2600-Source Current Unit.

6.2.5 Result ans discussion

Figure 6.3(a-b) and (c-d) shows the SEM micrographs of the carbon
cloth electrodes obtained with 1 and 2mM FeCl3 respectively. Very
small particles can be seen at high magnification in figure 6.3(b). The
mean size is about 38nm and they cover 30% of the electrode surface.
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When the FeCls concentration increases, the particles size increases too
and coalescence produces an interconnected metal network, as it can
be seen in Figure 6.3(d); the corresponding covered area is 55%. High
surface homogeneity emerged for the deposition with the more
concentrated solutions, marked by a resulting smooth catalyst layer.
Similar results were obtained after annealing the ImM FeClz sample in
air at 250°C for 2h and with 10mM FeCls.

FIGURE 6.3: SEM micrographs at low and high magnifications of the AV
Carb samples after deposition in NaBHy and (a-b) 1mM, (c-d) 2mM FeCl3
respectively.

The electrochemical active surface area was evaluated, by cyclic
voltammetry method and under Ar flux. In a non-Faradaic region, a
series of CV scans at different rates were acquired, the double layer
capacitance (Cdl), directly related to the EASA, was computed from
the slope of the linear regression between the current density
differences (cathodic and anodic) in the middle of the potential
window of CV curves versus the scan rates [123]. Results are shown in
figure 6.4. The electrochemical analysis showed that a superior
catalytically active surface area is associated to the electrode with the
smallest particles size (deposited with 1mM FeCl3). Increasing the
FeCl; concentration in the solution has no advantage in terms of active
electrochemical sites, as well as the annealing of the sample.

The deposition procedure of ImM-Sample was replicated on a TEM
C-grid and the nanoparticles were analyzed. Figure 6.5a shows the
EELS spectra acquired on two regions of the sample. In the area under
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FIGURE 6.4: Double layer capacitance calculated from cyclic voltammetry for
the AV Carb samples loaded with Fe-based catalyst.

investigation, It has been found that the shape of the L3 edge of Iron
changes locally. In region 1 the shape of the EELS spectrum can be
typically ascribed (figure 6.5 b) to Fe;O3 with two peaks, one at
709.3eV, attributed to a change in the oxidation state, and one at
710.8eV, more intense [124]. In region 2 instead, the spectrum exhibits a
single peak at 710 eV, related to Fe3O4. Both Fe,O3 and Fe3O4 were
deposited on the sample. Figure 6.5 ¢ shows HRTEM acquired on a
particle of region 2, showing the (222) and (400) crystalline planes of
Fe,O3 with corresponding d-spacings of 0.48nm and 0.208nm
respectively while in figure 6.5 d is reported the HRTEM but on a
Fe304 particle, together with the corresponding FFT showing the (111)
and the (220) diffraction spot, with a d-spacing of 0.25nm and 0.29nm
respectively [125, 126].

The presence of both Fe;O3 and Fe3zO4 in the ImM-Sample deposited
on carbon cloth is confirmed by XPS analyses. Figure 6.6 shows Fe 2p
peaks of as deposited ImM sample. The catalyst is a mixture of Fe3O4
and Fe;O3, since peak 1 is related to Fe?* of Fe;0y, peak 2 is typical in
the Fe>* of Fe,O3, peak 3 also is a satellite peak associated with Fe3* of
Fe;O3 [109, 127, 128].

The reduction of a part of Fe>* to Fe?* produces oxygen vacancies,
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FIGURE 6.5: TEM analyses on nanoparticles obtained in the 1mM FeCl3
solution, (a) EELS spectrum for the L3 edge of Iron acquired in two distinct
regions of the TEM specimen and (b) literature data from [124]; (c-d) high
resolution TEM on nanoparticles in regions 1 and 2 with the corresponding
diffraction pattern [125, 126].

as it can be evidenced by the Oxygen XPS Ols signal (figure 6.6 b),
made by the convolution of two peaks, one at 529.9 eV, peak 1, typical
of metal oxygen bond, and peak 2, at 531.13, corresponding to the
oxygen vacancies [129]. Oxygen vacancies are ubiquitous in metal
oxides and have a pronounced effect on the physical and chemical
properties of the material. Numerous strategies have been developed
to create OVs in metal oxides, such as high temperature calcination,
high energy particle bombardment, ion doping or chemical reduction
(e. g. from H; or NaBH4). The deposition method adopted in this
study, including the chemical reduction by NaBHy,is therefore
expected to promote the OVs formation, whose presence has been
reported to accelerate the charge/electron transfer rate, and therefore
improving the electrocatalytic performance [102, 129]. XPS spectra for
Fe 2p in the ImM sample after cyclic voltammetry with data obtained
by simulation.
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FIGURE 6.6: XPS spectra for Fe 2p in the ImM sample before (a-b) and after
(c-d) cyclic voltammetry with data obtained by simulation.

The catalyst activity and stability were analyzed by cyclic
voltammetry (CV), with a scan rate of 15mV s-1 under N flux. Firstly a
potential range between 0.07 V and -0.45 V vs RHE was adopted to
avoid catalyst modification upon voltage. The corresponding CV is
shown in Figure 6.7 (CV1). The voltage was applied according to the
arrows, from the less to the most negative in a direct scan (dotted
arrow) and vice versa in the reverse one. Each scan was repeated 4
times. Then, chronoamperometry (CA1) at -0.33V vs RHE experiment
was started and evaluated the produced ammonia after 40 minutes.
During the CA1 the absolute value of the cathodic current initially
decreases as a function of time and then increases. The corresponding
ammonia yield is 5.5 ugmg..th~! with a Faradaic efficiency of 3.8%. A
new scan (labeled as CV2 in figure 6.7a) was performed with a wider
range, from 0.07 vs RHE to -0.63 V vs RHE. The corresponding
voltammogram (CV2) is quite different from that obtained before: the
HER reaction seemed to be hampered and in the reverse scan an
anodic peak centered at about — 0.05V vs RHE appeared. The CA
measurement performed after CV2 (CA2 in figure 6.7b) shows a more
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stable behavior and a net increase in the ammonia yield rate. Indeed,
the measured ammonia rate after CA2 is 26 ugmg.th~!, with a
Faradaic efficiency of 18%, very large compared to the result obtained
on the same electrode after CAl, i.e. after cycling in a narrower and
less negative voltage range.
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FIGURE 6.7: Electrochemical experiments for ammonia generation in the
sample obtained with 1mM FeCls, (a) cyclic voltammetry obtained scanning
the potential from 0.07 to -0.45 V vs RHE (red) and from0.07 to -0.63 V vs RHE
(blue), (b) the corresponding chronoamperometry and (c) NH3 yield rate and
Faradaic efficiencies at the given potentials.

Such an activation procedure has been also applied to the other
samples produced with higher Fe concentration in the deposition
solution, obtaining similar results, although with less improvement in
the yield. As an example, Figure 6.9a, b and ¢ show the CV, CA and the
ammonia yield data, respectively, for the sample treated with 2mM
FeCl3 (figure 6.3 (c-d)). After the activation procedure (Figure 6.9 (a-b))
the rate increases from 3.3 to 6.6 ng mgcat-1 h-1 and the Faradaic
Efficiency increases from 6% to 12%. No relevant improvement in the
yield upon activation has been obtained for 10 mM sample and for
annealed ImM. In both the cases an almost uniform film was obtained
at the carbon cloth surface, instead of nanoparticles.

In order to better investigate the activation mechanisms, and to
understand if it takes place during the CV2 (with extended range) or
the CA1, the catalyst activity has been measured by EASA after CV2
and after CA, performed on a fresh sample, as reported in figure 6.8.
The double layer capacitance of the as deposited catalyst, equal to
7.6mF cm-2, increases up to 11.7mF cm-2 after CV2. The CA,
performed without being preceded by the CV2, instead, does not
produce any significant change. These results clearly indicate that an
increased active area can be obtained by the extended
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FIGURE 6.8: Comparison of electrical double layer capacitance before and
after the CA1 and CV2.

cyclicvoltammetry (CV2), which can then be considered as a suitable
activation procedure.

According to the iron Pourbaix diagram[130] (reported in figure
A.1), in the negative voltage range, at the cathode side at pH of about 7
two reactions are expected to occur [131]. Indeed, at OV the most stable
compound is Fe;O3 Fe** but it partially reduces in FezO4 (with Fe?*
and Fe?") at about-0. 15V vs RHE and then in Fe at -0.5 vs RHE.

3FeyO3 (S) +2H 42 =2 Fes;0y4 (S) + H,O (C6.2)

Ep = 0.66V —0.059 - pH

Fe3O4(s) + 8H" +8e~ — 3Fe(s) + 4H,O (C6.3)

Ep = 0.085V —0.059 - pH

In order to obtain more insight on the structural changes induced
by the activation process XPS spectrum of the 1mM sample after
activation and drying were performed. Figures 6.6 c and d show the Fe
2p spectra acquired after cyclic voltammetry in range 2 (CV2). As
already seen for the as deposited sample figure 6.6a three peaks are
obtained. The fitting data are reported in Table 1of SI. However, after
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FIGURE 6.9: Electrochemical experiments for ammonia generation in the
sample obtained with 2mM FeCl3, (a) cyclic voltammetry obtained scanning
the potential from 0.07 to -0.45 V vs RHE (red) and from0.07 to -0.63 V vs RHE
(blue), (b) the corresponding chronoamperometry and (c) NH3 yield rate and
Faradaic efficiencies at the given potentials.

activation the contribution of peak 1 (Fe+2) increases from 39% to 48%,
that of peak 2 (Fe+3) does not change and the satellite area decreases
from 32% to 23%, suggesting an increase of the amount of reduced iron
and a corresponding increase of the oxygen vacancies after cyclic
voltammetry.

The Ols XPS peaks before and after as reported in figure 6.9
activation changed too. The small peak at 535.25eV binding energy
(peak 3) is related to surface hydroxyl groups. An increase in the
oxygen vacancy peak (peak 1 at 531eV BE), the relative area increased
from 41.5% to 49.7%, at the expense of that corresponding to the metal
oxygen bond (peak 2 at 530eV BE), with a decrease in the relative area
from 58.5% to 46.1% were observed. Such a change improves the
electrocatalytic activity of the layer thanks to a new asymmetric three
dimensional electronic structure obtained after oxygen removal [129].
It is possible to conclude that (1) the activation process takes place by
cyclic in the extended range (+0.07 vs RHE to -0.63 V vs RHE) and (2)
the activation produces an increase of the oxygen vacancies and

Fe?*/Fe®* ratio and a corresponding increase of active sites
available for the catalytic reaction. To evaluate the superior activity for
e-NRR of the electrode loaded with ImM FeCl; chronoamperometry
test was performed at different voltages in the range between -0.31 and
-0.47 V vs RHE. Ar control experiments have been performed at each
chronoamperometry. The amount of produced ammonia has been
calculated as the difference between the ammonia quantity obtained
under Argon flux and the under N flux. Figures 6.10 a and b show
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FIGURE 6.10: Experimental procedure adopted for ammonia production
estimation: (a) absorbance value in the electrolyte at the beginning (TO0),
after 10min (T1), after 40min (IT2) and after chronoamperometry with N2
flux; (b) Ammonia moles in the cell before (time TO, T1 and T2) and after

chronoamperometry (T3) experiments with Ar flux and (c) the corresponding
data but with N2.

data about the control experiments. The quantity of ammonia
produced under Ar flux at the end of chronoamperometry experiment
is negligible compared with the other ones under N, flux. In figures
6.11 (a-b) are reported the rates and the faradaic efficiencies of the NRR
experiments. The NHj yield rate is maximum at -0.35V vs RHE with
26.44 ugmg. . 1h~1 and a corresponding Faradaic Efficiency of 20.4%.
Thanks to the adopted strategy to optimize the morphology and
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FIGURE 6.11: e-NRR measurements for electrode obtained with 1mM FeCl3
electrode: (a) chronoamperometry results and (b) average NH3 yield rate and
Faradaic efficiencies at a given potentials.

improve the catalytic sites by an electrochemical activation process,
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achieving good results compared to literature. A comparison is
reported in Table A.1.
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Chapter 7

Conclusions

7.1 Solar mini-module modeling and outdoor tests

As discussed in chapters 3 and 4 the results of outdoor tests performed
for 3 days in clear sky conditions on two PV minimodules based on Si
HJT technology were quantitatively modeled. Despite the common
monitoring close to modules maximum power point the behaviour of
the modules was continuously analyzed sweeping the load on the
modules from the open to the short circuit condition with a period of
about 90 s. This allowed monitoring V,., maximum power point, I,
module temperature and the entire I-V curves. Using this approach, a
direct comparison between monofacial and bifacial operations within
the same Si PV technology was performed, evaluating the quantitative
correlation between PV electrical performance, solar irradiance on the
PV module front and back, and the module temperature. The results
reveal that the observed increase in power output and consequent
better energy yield in the case of bifacial operation is mainly due to the
higher short circuit current. Furthermore, the high albedo in the
afternoon and the high responsivity of the cells to infrared light boost
the performances of the bifacial module. The results confirm the
effectiveness of bifaciality in improving the power output, proving that
this technology plays a crucial role throughout the whole day, both in
low and high irradiance conditions. The increase in current is high
enough to completely overcome the effect of the higher module
temperature and the consequent lower open-circuit voltage observed
in bifacial operation. Owing to the experimental data on PV module
temperature, the 3D model proposed evaluated the PV system’s
bifacial gain. The model well reproduces the experimental results of
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module temperature, V., [;c, maximum power point, and energy yield,
both in monofacial and bifacial operations.

In summary, the PV module when operated as bifacial exhibits
larger temperatures, estimated to be between 9°C and 12 °C,
depending on the season, at midday throughout the year for the
latitude of Catania. Nevertheless, the bifaciality provides a noticeable
advantage in terms of system energy yield. The PV technologies with
low aT in absolute value provide more advantages when used in
bifacial mode. This is, for example, the case of the SHJ technology used
in the experiments here reported, with an aT of 0.26 % °C. From such
analysis, the n-type HJT technology appears to be particularly suitable
for bifacial photovoltaics given its very low-temperature coefficient
and the ability to harvest albedo radiation.

7.2 Solar hydrogen production and ammonia
electrosynthesis

The optimization of bifaciality has been studied for a coupled bifacial
SHJ] PV module PEM-EC system, for solar H; production.
Optimization was performed by numerical modelling through a 3D
model that takes into account several parameters and is well discussed
in dedicated chapters. Experimental data show, in good agreement
with modelling, that bifaciality, with a 30% average ground albedo,
and with no additional equipment, such as lenses, mirrors, etc.,
provides a boost of STH Efficiency and solar Hy flux of +13%,
concerning the STH efficiency obtained with the monofacial system.
The improvement of the produced hydrogen flux can be further
increased up to about +22% for a 50% average albedo. The results can
be considered a promising starting point for the further development
of a larger system in which long-term operation and stability will be
tested.

The NRR catalytic properties of Fe-oxide based nanoparticles,
obtained by solution-based deposition on carbon cloth electrodes, have
been investigated. By electrochemical and structural analyses, a
possible improvement for both the ammonia yield rate and the faradaic
efficiency with an electrochemical catalyst activation procedure based
on a transition from Fe,O3; to FezO4 were demonstrated. The main
improvement is related to the nanoparticles” morphology and their



Chapter 7. Conclusions 83

modification via cyclovoltammetry activation cycles, which caused an
increase of catalyst sites because of the enhancement formation of
oxygen vacancies. Catalysts covered with nanoparticles exhibit high
electrochemical active area and showed excellent activity for nitrogen
reduction reaction, with a faradaic efficiency of 15% and a maximum
ammonia production rate of 85ugmg_ 1h~"
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FIGURE A.1: Potential-pH equilibrium diagram for the system iron-water at

25°C. The red circle represents the operative condition.
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TABLE A.1: Comparison of results already present in the literature.

‘ Catalyst ‘ Electrolyte ‘ Rate pgcm2h~! ‘ FE (%) ‘ Ref. ‘
Fe304/Fe;O3 0.01 M PBS 5.5 3.8 This work
Fe304/Fe;O3 0.01 M PBS 26.44 20.4 | This work
Fe/Fe30y4 0.10 M PBS / 8.29 [113]
p-FexO3 0.10 M NaSOy4 13.56 7.69 [132]
Fe, O3 0.10 M NaSOg4 15.9 0.94 [133]
Fe-NPC 0.10 M NaOH 4.46 53 [134]
Fe,O3 NPS 0.10 M NaSOy4 20 3.5 [135]
Fe304,@rGO | 0.10 M NazSOy4 28.01 11.47 [136]
MFe304 NPS | 0.10 M NazSO4 12.09 16.9 [137]
MFe304 /Ti 0.10 M Nast4 / 2.6 [114]
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