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Abstract

The interest in renewable energy sources and their exploitation has steadily increased
in recent years, due to growing concerns about uncontrolled Green House Gases
(GHG) emissions, caused by fossil fuels utilization, and the resulting increase in
average global temperature. Recently, photovoltaics systems have experienced the
most rapid diffusion among renewable energy technologies, thanks to their low
environmental impact and their cost-effectiveness. Numerous studies and research
have led to the development of increasingly efficient technologies at a lower cost,
allowing the best solutions to overcome the economic efficiency of some systems
powered by traditional sources. Bifacial photovoltaic modules are characterized by
their ability to convert solar radiation on the rear surface, resulting in increased power
output at costs comparable to the ones characterizing the traditional technologies, but
inducing the researchers to question the optimal panel positioning. Vertical
installation of modules, such that the primary surface faces east and secondary surface
faces west (and vice versa), allows for the generation of two distinct power peaks
during morning and afternoon hours, ensuring a better synchronization with certain
power demand profile with respect to south-facing modules, which exhibit maximum
power generation at solar noon. While the potential of these systems in supplying
electrical loads has already been partially demonstrated, the combination of these
solutions with advanced load management techniques, such as peak shaving and load
shifting, could lead to even more promising results.

In this study, we compare vertically installed systems (with front surface facing east
or west) with traditionally positioned monofacial and bifacial systems in the sizing of
the batteries, for load management. After calculating the hourly energy production of
the modules in the various configurations, the analysis of real residential and
industrial loads leads to the sizing of the photovoltaic farms based on three distinct
approaches. Subsequently, by applying a different approach for each photovoltaic
plant size, we determine the magnitude of the storage systems, demonstrating that
under certain conditions, vertical farms lead to a reduction in the required capacity.
Finally, we carry out simulations related to the power flows experienced by the plants,
applying different battery management strategies for each solution. The economic
analysis of each configuration highlights that, in some situations, the use of vertical
systems enables the reduction of both energy and capital expenses.

Key-words: photovoltaic, bifacial, vertical, loads, sizing, storage, peak shaving, load
shifting, savings
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Abstract in Italiano

L’'interesse nelle fonti di energia rinnovabili e il loro sfruttamento e aumentato
costantemente nel corso degli ultimi anni, a causa di una crescente preoccupazione nei
confronti dell'incontrollata emissione di gas serra, causata dall'utilizzo di combustibili
fossili, e del conseguente aumento della temperatura media terrestre. Recentemente,
nel panorama delle tecnologie basate sulle fonti rinnovabili, i sistemi fotovoltaici
hanno subito la diffusione pit rapida, grazie al modesto impatto ambientale e ai costi
contenuti. Numerosi studi e ricerche hanno permesso lo sviluppo di tecnologie sempre
pit performanti ad un costo sempre minore, consentendo di superare l'efficienza
economica di alcuni sistemi alimentati da fonti tradizionali. I moduli fotovoltaici
bifacciali sono caratterizzati dalla capacita di convertire radiazione solare sulla
superficie posteriore, con un conseguente incremento della potenza erogata, a fronte
di costi comparabili con quelli tipici delle tecnologie tradizionali, inducendo pero0 i
ricercatori ad interrogarsi sul posizionamento ottimale dei pannelli. L’'installazione dei
moduli in verticale permette di originare due picchi di potenza distinti nel corso delle
ore mattutine e pomeridiane, garantendo una migliore sincronizzazione con la
potenzarichiesta dalle utenze rispetto ai moduli rivolti verso sud, caratterizzatiinvece
da una massima erogazione di potenza in corrispondenza del mezzogiorno solare.
Nonostante le potenzialita di questi sistemi nell’alimentazione dei carichi elettrici
siano gia state parzialmente dimostrate, combinare queste soluzioni con tecniche di
gestione dei carichiavanzate, qualiil peak shavinge il load shifting, potrebbe condurre
a risultati ancora piu significativi.

In questo studio, confrontiamo gli impianti installati in verticale (con superficie
frontale rivolta verso est o verso ovest) con impianti monofacciali e bifacciali
tradizionalmente posizionati, nel dimensionamento delle batterie, per la gestione dei
carichi. Dopo aver calcolato la produzione energetica oraria dei moduli nelle varie
configurazioni, I'analisi dei reali carichi di tipo residenziale ed industriale porta al
dimensionamento degli impianti fotovoltaici secondo tre logiche distinte.
Successivamente, applicando un approccio differente per ogni dimensione d’impianto
fotovoltaico, deduciamo l'entita dei sistemi di storage, dimostrando che, in
determinate condizioni, gli impianti verticali portano ad una riduzione della capacita
necessaria. Infine, conduciamo le simulazioni inerenti ai flussi di potenza sperimentati
dell'impianto, applicando una gestione dei carichi differente per ogni soluzione.
L’analisi economica di ogni configurazione permette di evidenziare che, in certe
situazioni, I'utilizzo di un impianto verticale consente un risparmio sia energetico che
€economico.

Parole chiave: fotovoltaico, bifacciale, verticale, carichi, dimensionamento, storage,
peak shaving, load shifting, risparmio
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Introduction

Nowadays, the world population relies on fossil fuels, which are the main cause of the
massive greenhouse gases (GHG) emissions we have experienced in the last decades
[1],[2]. Since they contribute to heat up the atmosphere, they threaten the world
economy [3], and the health of the future generations [4]. Moreover, the increase of the
world population (expected to reach 10 billion by 2050 [5]), is going to cause a huge
rise in energy demand [6], further exacerbating the environmental issues. Restricting
the global temperature increase to 1.5 °C, with respect to pre-industrial levels, is
strictly necessary to avoid catastrophic consequences, and will be possible only by
cutting GHG release [7].

Plants running on renewable energy sources (RES) will be the main tool towards the
decarbonization of the power generation sector. The design of power systems based
only on RES and the consequent scenarios are being investigated [8].

Photovoltaics (PV) is a technology allowing the conversion of solar radiation into
electricity. A monofacial PV (MPV) module collects light only on the front surface. The
back surface shows a back surface field, a contact covering the whole rear surface, and
an opaque back-sheet to separate the module from the outer environment.

PV relies on a clean, widely accessible, and unlimited energy resource [9][10], and so
it certainly is one of the best technologies powered by RES. With respect to other
systems, it stands out for its limited environmental impact and low overall costs [11].

Over the last years, between 2005 and 2018, the global energy production by PV plants
increased from 4 TWh to 554TWh [12]. An average 12.4 GW have been installed every
year between 2010 and 2016 [13]. In 2016 the only photovoltaics accounted for the 47%
of the annual growth rate of renewables, resulting in a global capacity of 303 GW [14].
In 2021 the installed capacity was over 700 GW [15],[16].

Some researchers report that PV is expected to reach 16% share in the world electricity
mix by 2050 [17]. The positive attention received because of its quickly falling costs
and consistently enhancing performance led the researchers to predict that a global
capacity of 1000 GW will be reached very soon [15],[16]. To achieve these targets,
reduction in PV costs and performance increase are required [9].

The economic efficiency of PV plantscanbe quantified by calculating the levelized cost
of electricity (LCOE). PV’s LCOEis addressed in studies as [18][19]. It was discovered
that PV power plants are, sometimes, already more profitable than fossil fuels plants
[20]. The keys to achieve a lower LCOE (thus increasing the economic desirability) are
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the reduction of the capital and operational expenditures (CAPEX and OPEX) and/or
the increment of the plant’s producibility. It’s been suggested that the first target could
be reached by reducing the land occupation, while the adoption of advanced
technologies will enhance the performances of the PV systems [11],[21].

Bifacial photovoltaics (BPV), characterized by the ability to collect the light on both the
surfaces of the module [22], has been studied since 1980s [23]. The adoption of linear
or punctual contacts (leaving most of the rear side of the device exposed to the
radiation) and the replacement of the opaque back-sheet with a transparent material
lead to a higher producibility of the BPV with respect to MPV [24],[25], a higher
conversion efficiency, and a cut of silicon utilization in the manufacturing process
[26],[27],[28]. Moreover, the use of a glass structure also on the back of the module
extends its durability [24]. Hypothetically, BPV’s potentialities could include its use as
noise barriers [29], its application in alpine environment, on water surface, and in
agriculture [30].

Bifacial gain (BG) represents the energy yield enhancement obtained when the rear
side of a module is exposed to light. Bifacial modules and relative BG have been
investigated since the 1980s [23],[31],[32]. The calculated 50% [31] and 59% [32] BG
were extremely promising, but they were the result of ideal conditions difficult to
replicate in commercial installations. Ground clearance, modules’ spacing, modules’
tilt, diffuse-to-direct light ratio, ground albedo play a key role in the energy yield
improvement [33]. If all these variables aren’t tuned properly, the resulting BG can
decrease down to less than 10% [34], while some studies report easily achievable gains
in the range of 10-15% [35]. Allin all, 30% is a plausible goal to aspire to [34],[25],[36].

Despite the improved energy yield, the main factor determining the investment
choices remains the cost-effectiveness of a solution [37]. To obtain the bests
performance out of BPV plants, particular configurations (requiring more robust
infrastructures) arenecessary [21], in addition to higher glass utilization and expensive
cells, leading to an overall costs” increase [24]. Nonetheless, BPV is one of the most
promising technologies to maximize the profitability of PV plants
[38],[39],[40],[41],[42]. Research shows that BPV usually leads to better economic
outcomes with respect to the monofacial counterparts [43],[44]. In particular, the
adoption of a bifacial solar module can decrease the LCOE up to 23% [45].

It’s no surprise that BPV is considered as the next breakthrough in the field of solar
energy solutions [46] and it’s expected to spread widely during the next decade [38].
In particular, in the year 2020 the BPV accounted approximately for the 20% of the
global PV market [47], while some studies predict this number to rise up to 70% within
the next 10 years [48].

Starting from the traditional optimized equator-facing configuration of a monofacial
module, many studies have been carried out to find the best one for bifacial modules.
Basically, a trade-off between the best configuration for the front and rear side must
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be achieved. In practice, this means elevating the modules and, contemporarily,

slightly reducing the tilt angle, to obtain a more uniform irradiance to the back of the
module [34],[24].

The BPV’s ability to receive radiation on both sides allows to install the PV modules
vertically, with an east-west orientation, giving rise to many potential advantages and
innovative applications. Researchers suggested that vertical bifacial photovoltaics
(VBPV) can reduce land occupation with respect to traditional configurations, driving
the diffusion of agrivoltaics [49]. Moreover, it can help reduce soiling, which is a
parameter strongly affecting the plants both on the performance and on the economic
side [50]. Finally, it may hypothetically increase the PV plants’ on-site consumptions
and reduce the storages” dimensions, thanks to a power production characterized by
two peaks (one in the morning and one in the afternoon) instead of the single one
typical of south-facing modules [9], that better suits the electricity demand curve.

Vertical bifacial solar farms’ energy yield is higher in the morning and in the
afternoons with respect to both bifacial and monofacial south-facing installations,
while it becomes lower during the central hours of the day [51]. Regarding the annual
energy yield of all the options, some studies suggest that VBPV canbe the best solution
at high latitudes, thanks to a lower average solar height throughout the year [52], [53],
[54], while others calculated that the vertical modules perform better at low latitudes
[24]. Anyways, the performances of a bifacial panel strongly depend on the
surroundings’ characteristics, such as the grounds’ reflectivity [55], [56], [57] and
environmental conditions, such as the air clearness and humidity. This makes very
difficult to draw a general conclusion about the best solution.

Although more accurate quantitative studies must be carried out, research has already
shown the ability of VBPV to increase the self-consumption rates [9][52][53][58], and
to decrease the storage requirements [59]. Nonetheless, it’s almost impossible toensure
tull off-grid operability of the plants in an economically efficient way, asbattery energy
storage systems (BESS) constitute the most expensive part of a stand-alone plant [60],
[61]. The way to improve the LCOE of a RES plant, without giving up on the self-
consumption, is to downsize the storage capacity and operate it in the wisest way.
Demand peaks usually occur when the electricity price is the highest. Peak-shaving is
the technique adopted to avoid the utilities" energy withdrawal when the loads’
demand reaches its peak [62], and it can be carried out by applying an innovative
discharge logic to the battery. Instead of withdrawing power from the battery as soon
as the plant produces less than the demand, the BESS can keep on recharging
throughout the day and discharge only when the demand peak is reached, enabling a
reduction in the storage capacity.

In this paper, we will explore the possibility to optimize the energetic and economic
efficiency of a PV plant by using vertical bifacial solar farms. We will compare
traditionally installed MPV and BPV plants with an east oriented VBPV plant. Since
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there’s a performance difference between the front and the rear sides of a BPV module
[63] we will analyse both an east-facing solution and a west-facing one. We will prove
thatthe power curvecharacterizing verticalmodules fits better the demand curve, thus
allowing, in some circumstances, an even greater storage’s capacity decrease when
applying a peak-shaving logic. Furthermore, since electricity price isn’t constant over
time, storing the energy in off-peak periods and use it to shave the peaks is an effective
way to purchase more or less the same amount of electricity at a lower price.

Ensuring the integration’s increase of renewable sources in the energy mix is a very
challenging task, due to their intermittent nature. Adopting market policies could
potentially make the power demand more synchronous with the renewable plants’
power production. However, the grid management can’t rely on the consumption
choice of the utilities. Therefore, ensuring a better grid flexibility is a key requirement
to help the world transitioning to a greener energy mix [64]. Energy storage systems
are the key to tackle this challenge [65] since they can store the excess energy when the
power demand is low and give it back to the grid when needed, allowing the so-called
load-shifting. Considering the better synchronization of the vertical solar farms power
production with the demand curves, the adoption of this technology should allow a
storage size reduction with respect to the alternatives. Furthermore, asin peak-shaving
techniques, the load-shifting results in an electricity purchase price reduction.



| Energy yield of PV plants 15

1 Energy yield of PV plants

1.1. Premises

1.1.1. Irradiance components estimation

Since we couldn’t rely exclusively on power measurements, we needed to estimate the
missing irradiance values by means of the Duffie-Beckman model, explained in [66].

The model provides a great number of useful tools, from the simplest to the most
advanced ones, to estimate the irradiance hitting a certain defined surface.

1.1.1.1.1. Relative sun-surface position

To predict the irradiance hitting a certain surface, the knowledge of the sun position
in each moment of the year is crucial.

First of all, the time convention adopted by the world’s countries doesn’t represent
precisely the movement of the sun, due to subdivision in discreet time zones. To
account for this difference, between the conventional time and the actual solar time,
the following formula is employed:

Solar time — Standard time = 4 * (Lsy — Lioc) + E (1.1)

Where L, is the “Standard Longitude” (namely the one characteristic of the time zone,
considered positive towards west), L, is the “Local Longitude” (namely, the exact
longitude of the chosen location, following the same convention as the standard one),
and E is the correction parameter resulting from the “Equation of Time”, which can be
represented by various formulas. We report the one presented by [67]:

E = 229.2(0.000075 + 0.001868 cos (B) — 0.032077 sin (B)

— 0.014615 cos (2B) — 0.04089 sin (2B) (1.2)

And B is given by:

360
— 1.3
B=m-1- 365 (1.3)
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Where n is the “Day of the Year”, hence a number ranging from 1 to 365.

To investigate the position of the sun, one of the first needed values is the so-called
“Declination” §, defined as “the angular position of the sun at solar noon (i.e., when
the sun is on the local meridian) with respect to the plane of the equator, north positive;
—-23.45° < 0 < 23.45°” and calculated as follows:

284 +n

§ = 23.45 sin (360 * 365

) (1.4)

Other fundamental quantities to describe the relative position between the sun and the
considered surface are:

e The so-called “Hour angle” w, namely “the angular displacement of the sun
east or west of the local meridian due to rotation of the earth on its axis at 15°
per hour.” Morning angles are negative, afternoon positive. It’s calculated as:

w=15*(t; — 12) (1.5)
e The so-called “Zenith angle” 6, namely “the angle between the vertical and the

line to the sun, thatis, the angle of incidence of beam radiation on a horizontal
surface.” Its cosine is computed as follows:

cos 8 =sin § sin ¢4 + c0s b cos @yt COSW (1.6)

Where the ¢4, is simply “the angular location north or south of the equator,
north positive”. Where —90° < ¢4+ < 90°. Therefore:

0 = cos~1(cosB) (1.7)

e Theso-called “Solar azimuth angle” y;, namely “the angular displacement from
south of the projection of beam radiation on the horizontal plane.” Where
displacements east of the south are considered negative. Its cosine is calculated
as:
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sin agsin ¢q — S

ind .
s acor g * Isign(duae)] (1.8)

COSYys =

Where ag is the “Solar altitude angle”, namely “the angle between the
horizontal and the line to the sun, that is, the complement to 90° of the zenith
angle.” Therefore:

¥s = cos~'(cosys) (1.9)

e The chosen surface’s “Slope” 8, namely “the angle between the plane of the
surface in question and the horizontal.” Where 0°< f <180°, and 8 > 90° means
that the surface has a downward-facing component.

After having identified the position of the sun for every moment of the year, we can
tinally calculate cosine of the “Angle of Incidence” A0I, as:

cos AOI = cos@ cosf + sin@ sin S cos(ys —v) (1.10)

Where y is the “Surface azimuth angle”, namely “the deviation of the projection on a
horizontal plane of the normal to the surface from the local meridian.” It’s zero when

the surface faces south, negative when faces east, and positive when faces west; -180°
<y <180°.

Therefore, the AO0I is:

AOI = cos™(cos(A401)) (1.11)

1.1.1.1.2. Irradiance components

Knowing the irradiance measurements and the relative position between the sun and
the chosen surface, we can compute the irradiance components hitting the surface, as
explained in [68].

Being the total solar radiation hitting the front surface of the module Gror,,,,, equal

to:
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GTOTfront = Gdirfront + Gdifffront + Greflfront (112)

Where Gairpront 1S the irradiance directly hitting the front of the module due to the sun
1ays, Gaif frron; 1S the one due to the diffusion of light, and G, front 18 the one due to

the light reflection characterizing the ground. They are respectively calculated as
follows:

Gdirfront = DNI x cos AOI (1.13)
1+ cosp
Gaif ffrone = DIFF *——— (1.14)
1—cosp
Greflfront = GHI = Pg *T (115)

Where DNI is the “Direct Normal Irradiance”, namely “The direct irradiance received
on a plane normal to the sun [69].” The DIFF is instead the “Diffuse Irradiance”,
namely “The terrestrial irradiance received by a horizontal surface which has been
scattered or diffused by the atmosphere [70].” Finally, GHI is the “Global Horizontal
Irradiance”, namely “The amount of terrestrial irradiance falling on a surface
horizontal to the surface of the earth [71].” p, is the “Ground albedo coefficient”,
accounting for the reflectivity of the ground.

When analysing the Bifacial solar modules, we must investigate also the irradiance
hitting the back surface. In particular, it can be calculated as follows:

GTOTback = Gdiffback + Greflback (116)

Where Grog, ., is the total irradiance hitting the back of the module, Gy, ... is the
diffuse one, and Gy.fy, ., is the reflected one. The two components are calculated as
follows:

1—cospf

Gaif fpaer = DIFF ¥ —

(1.17)
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1+ cosp

Grefipgee = GHI * pg * 5 (1.18)
Therefore, the total irradiance hitting the module will be:
Gror = G10Tfron T GTOThack (1.19)

Where Grgg,,,, is zero for the monofacial modules.

1.1.2. Power estimation

Once the total irradiance hitting the surfaces is defined, it’s possible to calculate the
module’s power, as seen in [72]:

GTOT
Pmp = Pmpref * (E) * (1 + Ymp * (Tcell - Tcellgrc)) (1'20)

Where By, is the power at maximum power point, Py, - is the reference power at the
maximum power point Ggr¢ is the reference irradiance in “Standard Test Conditions”
or STCY, yp,, is the power temperature coefficient (namely, the module’s power
reduction due to the temperature increase), T,e; is the temperature of the cell and

Teetisr is the reference temperature of the cell in STC.

The temperature of the cell can be computed as follows:

GTOT

Teet = Tair * (222 )+ (NOCT = Tyocr) (1.21)

Gnocr

Where T, is the temperature of the cell, T,;, is the temperature of the air, Gyocr is the
reference irradiance in “Normal” conditions, NOCT is the Normal Operating Cell
Temperature and Tyocr is the reference air temperature in “Normal” conditions”?.

1 As reported in [82], STC stands for “Standard Test Conditions”, and consists of 25 °C of cell temperature, 1000
% of irradiance and AM (Air Mass) of 1.5, whilethe NOCT (“Nominal Operating Cell Temperature”) conditions

are characterized by 20°C as ambient temperature, 800 % as irradiance, 1.5 AM and 1 ?as wind speed.
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1.1.3. Error estimation

The estimated power can be compared to the measured one. In order to evaluate the
quality of the estimation, we computed the Mean Absolute Error (MAE) committed by
considering the estimated values instead of the measured ones:

n
1
MAE =;*Z|yi—xi| (1.22)
i=1

Where n is the number of samples, y; is the predicted value, and x; is the measured
one.

1.2. Energy yield

To estimate the magnitude of the possible storage capacity’s reduction achieved via
vertical bifacial solar plants, the analysis of several entities is required. Although
higher resolutions could have led to more meaningful results, we chose to apply an
hourly discretization to all the necessary entities, for the sake of simplicity. First of all,
the hourly energy production throughout one year was to be defined.

1.2.1. Summary of the modules” properties

A summary of the chosen modules’ properties is shown below 2

Table 1.1: Photovoltaic modules' properties

Property Aleo S79L285 Enel Green Power 3SBA345A

Maximum module 285 345
power at STC

Pmpp (W)

Maximum power 9.1 8.78
point current at STC

I mpp (A)

2 As reported in [82], STC stands for “ Standard Test Conditions”, and consists of 25 °C of cell temperature, 1000
% of irradiance and AM (Air Mass) of 1.5, whilethe NOCT (“ Nominal Operating Cell Temperature”) conditions

are characterized by 20°C as ambient temperature, 800 % as irradiance, 1.5 AM and 1 ?as wind speed.
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Maximum power 31.3 39.3
point voltage at STC
Vmpp (V)
Number of series cells 60 72

in a module Ny(-)

Thermal current 0.05 0.048
coefficient « (%)

Thermal voltage -0.3 -0.3
coefficient (%)

Thermal power -0.43 -0.38
coefficient y (%)

Nominal operating 49 44

cell temperature
NOCT (°C)

1.2.2. Monofacial PV modules” power

Our analysis started from the 2017 measured energy production of a monofacial PV
module, the “Aleo S791L.285” [73], available at the SolarTechLAB?, located on the roof of
“Edificio BL25” at “Politecnico di Milano” 4, with a surface azimuth angle of -6°5 (due to
the building’s geometry), and a surface tilt angle of 30°¢. To fill the gaps characterizing
the first dataset, the energy measured in the same hours of the year 2018 was
considered. The last gaps were filled using the data from the year 2019.

1.2.2.1. Missing hours power estimation and its validation

The last missing values were computed based on the temperature and irradiance data
gathered by the meteorological station located on the roof of the previous building.
For the monofacial modules, the total irradiance hitting the module corresponds to the
one measured on the front surface of the module:

3[83]

4 Via Lambruschini, 4, Milano, Italy.

5 According to [66], the surface azimuth angle is 0 °when the module points towards the equator, 90°when it faces
west, and -90° when it’s rotated to east.

6 According to [84], the optimal tilt angle for the module’s location is 33.8°. 30° has been chosen for simplicity.
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G = Giney (1.23)

Where G is the total irradiance hitting the module and G;,; is the one measured on
the front surface.

Therefore, knowing the air temperature, we calculated the cell temperature as:

G
Teert = Tair * (=——) = (NOCT = Tyocr) (124)

NOCT

Where T, is the temperature of the cell, T,;, is the temperature of the air, Gyocr is the
reference irradiance in “Normal” conditions, NOCT is the Normal Operating Cell
Temperature and Tyocr is the reference air temperature in “Normal” conditions.

Therefore, we estimated the power production of the module as:

G
Pmp = Pmpref * <@> * (1 + Ymp * (Tcell - Tcellsn;) (1-25)

Where Py, is the power of the module at Maximum Power Point (MPP), Py, , ;18 the

reference power at MPP, Ggr( is the irradiance in Standard Test Conditions (STC), the

Ymp is the power temperature coefficient, and T, . is the cell temperature in STC.

The estimated power was then compared to the measured one. In order to evaluate
the quality of the estimation, we computed the Mean Absolute Error (MAE) committed
by considering the estimated values instead of the measured ones:

n
1
MAE =E*Z|yi—xi| (1.26)
i=1

Where n is the number of samples, y; is the predicted value, corresponding to the
estimated Py, and x; is the sample, corresponding to the measured By,,.

The error committed by applying this method amounts to 4.48 W. We decided to relate
this value to the module’s nominal power as:
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MAE
NMAE =

(1.27)

Mpref

Where NMAE is the “Normalized Mean Absolute Error”.

1.2.3. South-facing bifacial PV modules” power

Less data wasavailable for the south-facing bifacial module configuration (sharing the
azimuth and tilt angles with the south-facing monofacial solution). The power
production of two “Enel Green Power 3SBA345A” modules [74], during the summer of
2022, was taken as starting point, after being properly scaled as follows:

Py (Enel Green Power 3SBA345A))
Py (2 * Enel Green Power 3SBA345A) (1.29)

2

1.2.3.1. Missing hours power estimation and its validation

Although the method for the cell temperature and power calculations is just like the
previous one, the only irradiance on the plane of the module is no longer sufficient, as
we must account for the light hitting the rear surface.

First, we estimate the diffuse irradiance hitting the back surface as:

(1 — cos(Bns))
Gaif fyqex = DHI * > Al (1.30)

Where Ggf 5, ... is the diffuse irradiance on the back of the module, DHI is the Diffuse
HorizontalIrradiance and Sy is the tilt angle characterizing the modules facing south.

Then we estimated the reflected irradiance hitting the back of the module as:

(1 + cos(Bys))
GTeflback = GHI * Pground * 5 NS (1.31)

Where Gy¢fy, ., is the reflected irradiance on the back of the module, GHI is the Global
Horizontal Irradiance, and pgroung is the ground albedo coefficient of the roof of the
considered building. Therefore:
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GTOTback = Gdiffback + Greflback (132)

Where Gror, ., is the total irradiance hitting the rear side of the module. To account
for the lower performance characterizing the rear side of the module, we adjusted the
back irradiance as follows:

GroTpackpy = GTOTyack * BF (1.33)

Where BF is the lowest Bifaciality Factor, reported on the module’s datasheet, and
corresponds to 0.85, to allow for a conservative estimation of the produced power.

Finally:

Gror = Ginct + GToTy g (1.34)

1.2.4. East-facing and west-facing bifacial PV modules” power

1.2.4.1. Missing hours power estimation and its validation

No power production measurements were available for the vertical installations,
leading us to completely estimate them by means of the irradiance. Unfortunately,
since the irradiance on the plane of vertical modules wasn’t available, we had to
estimate the irradiance hitting both the front and the rear surfaces. We relied on a very
simple model, characterized as follows, and verified its validity by applying it to the
south-facing bifacial modules and identifying the error with respect to the actual
power samples of the south-facing bifacial module.

First of all, the Direct Normal Irradiance (DNI) was to be defined. Since the GHI, as
shown in Figure 1.1, can be estimated as follows:

GHI = DNI *cos(6) + DHI
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GHI = DNIxcos(8)+DHI

Figure 1.1: Equation calculating the GHI with graphical representation.

Where 6 is the solar zenith angle, we can estimate the DNI as:

GHI — DHI

DNI = — o (1.35)

This very simple model results suffer from the fact that, as the sun gets close to dawn
or to sunset, the 6 gets closer to 90°, and the cos() tends to 0, leading to almost infinite
values of DNI, but we managed this issued later.

The direct irradiance hitting the front of the module was calculated as follows:

Gairpron. = DNI * cos (AOI) (1.36)

Where Gdirfront is the direct irradiance hitting the front of the module and the AOI is

the Angle of Incidence between the sun rays direction and the normal to the module’s
plane. Then, the diffuse irradiance on the front of the module was to be computed:

. (1 + cos(Bns)) (1.37)

Gdifffront = DHI 2

Where Gg;¢ frront 1S the diffuse irradiance hitting the anterior surface of the module.

Lastly, the reflected surface on the front of the module was to be calculated:
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(1 — cos(Bus))
Grefiprone = GHI * Pgrouna * > x (1.38)

Where Gy.f; ot 1S the reflected irradiance on the front of the module.

The irradiance components on the back of the module, as well as the cell temperature
and the power production, were computed as shown before.

At first, the MAE committed by adopting this last approach was huge, due to the
problem related to the 8 angle. By changing the value of cos(8), we found that the
minimum MAE could be obtained by setting it to 0.36 for every value below this
threshold:

cos(0) (cos(8) < 0.36) =0.36 (1.39)

cos~1(0.36) = 68.9° (1.40)

This means that, for 6 above 68.9°, the estimated DNI valueslead to unlikely values of

Gdirfront'

1.2.4.2. Vertical installations power estimation

The predicted power wasthen calculated as shown before, applying the correction just
indicated, considering an azimuth angle of -90° for the east-facing solution, +90° for
the west-facing one, and a tilt angle of 90° for both the configurations. Due to
performance difference between the front and rear sides of the modules, accounted by
the Bifaciality Factor BF, the power production is a bit higher when the sun is directly
hitting the front surface of the module, meaning that the east-facing module performs
better during the morning hours, while the west-facing one shows a higher energy
yield in the afternoons.

1.2.5. Configurations” annual energy yield

We report the single modules” annual energy yield considered in the simulations. The
monofacial module is characterized by a lower power at maximum power point,
leading us to scale its productivity to allow a fair comparison between the various
configurations:

Table 1.2: Summary of the single modules' annual energy yield

Configuration Single module’s annual energy yield (kWh)




| Energy yield of PV plants 27

Monofacial 373.31
Upscaled monofacial 451.53
South facing bifacial 572.86

East facing bifacial 469.95
West facing bifacial 465.50

As predictable, the monofacial configurationis characterized by alower annual energy
yield with respect to the alternatives, due to the impossibility to collect light on the
back of the module. It's not surprising that the south-facing bifacial module
outperforms vertical installations, as this configuration experiences a better angle of
incidence when the irradiance is higher, namely at noon. Nonetheless, it’s still to be
determined if the shape of the power curves characterizing the verticalinstallation can
lead to a better coupling with the loads, counterbalancing the lower annual energy
yield.

1.3. Loads

To investigate the potential of vertical bifacial solar farms in reducing the storage
capacity, when applying peak-shaving techniques, a residential and an industrial
application were analyzed. Having both a 15 min resolution, the hourly dataset was
obtained by considering the hourly sum of the shown energies.

1.3.1. Residential load

The following plots show the power consumption curves measured at the residential
load meter:
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Figure 1.3: June load curve for the considered residential load.
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Figure 1.6: A June week's load curve for the considered residential load.

1.3.2. Industrial load
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Figure 1.7: February load curve for the considered industrial load.
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Figure 1.10: A February week's load curve for the considered industrial load.
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Figure 1.11: A June week's load curve for the considered industrial load.

1.3.3. Comparison

The plots above clearly show the main characteristic leading us to investigate these
two types of utilities: while the residential load is very variable, the industrial one,
despite having some dips in correspondence of Sundays and national holidays,
oscillates around an almost constant value. This difference can be seen over all the
various chosen time spans. A steadier power consumption means a higher
predictability, but also more power required to shave them. We will see that some
approaches work better with one type of load rather than with the other.
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1.4. Plants’ sizing

We report the plants’ sizing strategies adopted in all the various alternative
approaches. Please bear in mind that, from now on, the results obtained for the
monofacial installation always refer to the upscaled monofacial module.

1.41. Sizing approach A

1.41.1. MPV plant sizing

For the monofacial PV plant, the number of modules wassized to cover the average
daily demand peak:

Number of modules

mean((max(Energy consumption))qqiiy) (1.41)

)

= ceil
cet (Maximum monofacial module's power at STC

1.4.1.2. BPV plant sizing

We decided to size the number of bifacial modules to make the BPV plants match the
annual production of the scaled MPV plant, because this is primarily a study on an
energetic basis and not a capital cost one, so a fair comparison of mono vs bifacial

requires equal annual production:

Annual MPV plant's energy production
Annual BPV module's energy production

Number of modules = ceil( ) (1.42)

1.4.1.3. Summary

These choices led to the following plant’s sizes:

Table 1.3: Summary of the PV farms' sizes obtained by means of approach A.

Type of load Number of modules
Aleo S79L285 Enel Green Power 3SBA345A
South facing | South facing East facing West facing
Residential 4.11 3.25 3.96 3.99
Industrial 1285.88 1016.14 1239.13 1248.32
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Keeping the decimal numbers in the number of modules is fundamental to ensuring a
fair comparison between all the alternative configurations.

1.4.1.4. Resulting annual energy yields

Table 1.4: Summary of the annual energy yields obtained by means of the sizing approach A

Type of load Annual energy yield (kWh)
Residential 1855.79
Industrial 580613.40

As previously said, the annual energy yield is the same for all the considered
installations.

1.4.2. Sizing approach B

Due to the chosen battery sizing logic in the second case, the PV plants havebeen sized
to have all the same number of modules, namely the ones obtained for the monofacial
case. This strategy has been chosen because the second battery sizing approach relies
on the average net load. If the load is the same for all the investigated cases, and the
annual production of the plants is the same (as in the previous case), also the average
net load will be the same, leading to the same battery sizes for all the considered
configurations. Therefore, we decided to enable the differentiation between the
various configurations keeping a fixed number of modules. This strategy, due to the
different performances between monofacial and bifacial farms, leads to different
batteries’ sizes, allowing for an evaluation of the potential of the bifacial installations.

Number of Monofacial modules = Number of Bifacial modules (1.43)

1.4.2.1. Resulting annual energy yields

Table 1.5: Summary of the annual energy yields obtained by means of approach B.

Type of load Annual energy yield (kWh)
Monofacial South facing East facing West facing
bifacial bifacial bifacial
Residential 1855.79 2354.45 1931.49 1913.31
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Industrial | 580613.40 736627.78 604297.90 598609.99

1.4.3. Sizing approach C

In the third case, the PV plants are characterized by the same number of modules as in
the second approach.

1.4.4. PV farm’s sizing comments

When looking at the plant sizing approaches, it’s clear that the monofacial modules
are the ones producing the least amount of power, on average. This results in a higher
number of modules with respect to the bifacial alternatives.It’s also clear that the south
facing bifacial modules outperform the vertical ones, since the number of modules
needed to obtain the same annual energy productivity of the monofacial installation is
much lower. Nonetheless, it's important to notice that, in our study, we don’t really
mind about the farm size’s reduction. Our main goal is to see how different PV
installations affect battery sizing and load management, which is a completely
different task.

1.4.5. Plants’ energy yield

The PV plants” power production was obtained by multiplying the single module’s
power production by the number of modules obtained considering every logic.
Therefore, for every considered strategy and configuration:

Plant's power = Number of modules x Pmp (1.44)
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2 Simulations’ premises

2.1. Loads’ forecasting problem

When trying to apply peak-shaving and load-shifting techniques, one of the main
requirements is the knowledge of the loads’ behavior over the next periods of time.
While every kind of load shows some visible patterns, realizing an accurate prediction
is a very difficult task. Although many studies focus on load forecasting techniques,
ranging from very simple to advanced ones, in our study we applied the following
approaches:

o Perfect load forecast approach: the predicted hourly load is exactly the one
registered for the reference year. Although this approach isn’t viable in real life,
this kind of logic is suitable to evaluate the potentialities of vertical installation,
which was our main goal.

e DPersistence method: to evaluate the next day’s load, measurements collected in
the previous days or weeks are considered. This method is simplistic but, with
respect to the previous one, is viable in real life power management.

2.2. Italian electricity pricing

Due to the trend of the load profiles, electricity price isn’t generally constant over time.
In particular, when the utilities demand less electricity, the price is usually lower. In
the Italian electricity market, the price of theelectricity changes accordingly to the time
slots reported below:

Table 2.1: Italian electricity price time slots.

Time slot Hours

F1 Monday to Friday, 8 am to 7 pm (excluding national holidays)

- Monday to Friday, 7 am to 8 am and 7 pm to 11 pm, and
Saturday from 7 am to 11 pm (excluding national holidays)

3 Monday to Saturday, from 11 pm to 7 am of the next day, and all

day on Sunday and national holidays

Where F1 is the most expensive time slot, F2 is the intermediate one and F3 is the
cheapest one. If the consumer withdraws energy from the grid when it's cheaper,
stores it into a battery, and uses it when it would be more expensive, he will eventually
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experience an economic saving, at least on the electricity purchase side. This means

that peak-shaving and load-shifting are promising tools to tackle both the technical

and economic challenges related to grid management.

In our simulations we will recharge the battery only during the “NIGHT” hours,

corresponding to the hours between 11 pm and 7 am of the next day. Hence:

Table 2.2: Night hours considered to perform the simulations.

Time slot Hours
NIGHT Every day, from 11:00 pm to 7:00 am of the next day

2.3. Variables and conventions

In order to make the discussion of the chosen approachesmore understandable, a brief
summary of the terminology adopted to indicate all the starting variables is reported

below:

Table 2.3: List of the variables included in the simulations and their abbreviations.

Variable Abbreviation

Load (kW) L

Solar plant’s power (kW) S

Preliminary battery nominal capacity (kWh) Bn
Preliminary battery’s state of energy (kWh) B

Real battery nominal capacity (kWh) Bnreal

Power withdrawal from the grid (kW) G
Threshold set to the power withdrawal from the grid (kW) T

Threshold iteration step (kW) AT

Please notice that, when G < 0, it means that the excess energy is being sold to the grid.

However, to carry out the simulations, we needed other variables, deriving from the

ones listed above, namely the “Net Load” NL:

NL=L-S§ (2.1)
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Please note that, when S > L, NL < 0, which means that the excess power can be used
to recharge the batteries or be sold to the grid.

And the batteries’ “Hourly Recharge” HR:

!
3

g = Bn (2.2)

Where, as mentioned before, the hourly recharge was computed considering the eight
hours characterizing the F3 time zone, in which the electricity price is the lowest.

Notice that, when the NL < 0, that means that the solar power plant’s production is
higher than the loads” consumption. I'd like to store that excess energy in the battery.

Table 2.4: Summary of the further variables and their abbreviations.

Variable Abbreviation
Net load (kW) NL
Predicted net load (kW) NLpr
Preliminary battery’s hourly recharge (kWh) HR

24. Actual battery sizes

To compute the actual battery size, I we needed to consider some batteries’
technological limits:

e The battery charging and discharging efficiency. These two efficiencies are
summarized by the so-called “Round Trip Efficiency” 7yound-¢ripr Which is
calculated as follows:

Energy recovered

(2.3)

Nround—trip =

Energy input

Where “Energy input” is the amount of energy given injected in the battery,
while “Energy recovered" is the energy withdrawn from the battery during
discharge. For lithium-ion batteries a reasonable 1, oyna—¢rip is 0.9 [75].

e The “Depth of Discharge” DOD, chosen to preserve the battery, characteristic of
each battery technology, which can be expressed as follows:
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Lower stored energy limit (2.4)

DOD =
Nominal battery capacity

Where “Lower stored energy limit" is the limit we set to the least amount of
energy present in the battery, and “Nominal battery capacity" is the maximum
amount of energy that canbe stored in the battery. A reasonable value for DOD,
if modern battery technologies are considered, is 0.9.

The battery size resulting by applying these considerations is:

B _ By (2.5)
Mreal Nround—trip * DoD

2.5. Peak shaving performance parameters

When applying peak shaving techniques, the main goal is to reduce the electricity
withdrawal when the net load overcomes a certain threshold. Our different
techniques, with their different PV farms and batteries” sizes, result in different
abilities to deal with this challenge. Rather than adopting an economics-first approach,
which depends on a single economic context, we propose a techno-economic one
where we first evaluate the technical performance of peak shaving and load shifting
from the fundamental perspective of peak power (kW) reduced and quantity of energy
load shifted (kWh). Once the dynamics of the approach can be understood, an
economic optimization can be later performed for a given context. Those will be
investigated later, during the economic analysis. When peak shaving is the goal, the
most important parameter to understand the validity of the battery sizing is the
reduction of the peak achieved in each month. This index will be calculated as follows:

MPR = Original monthly F1 peak power — New monthly F1 peak power  (2.6)

PMPR = MPR 2.7
~ Original monthly F1 peak power 2.7)
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Where MPR is the “Monthly Peak Reduction” achieved in the F1 hours, and the PMPR
is the “Percentage Monthly Peak Reduction” achieved in the F1 hours,
"Original monthly F1 peak power" is the peak power demand in F1 hours experienced
before the utilization of peak shaving strategies, while "New monthly F1 peak power"
is the monthly peak power consumption obtained by using the peak shaving
techniques.

Another important aspect to consider when trying to limit the electricity withdrawal
to a certain threshold, is the number of times in which this goal isn’t achieved. When
the battery size or the charging and discharging strategies are wrong, the battery
energy is depleted before being able to provide enough energy to complete the task.

MPSF = Number of F1 hours inwhich G > T (2.8)

Where MPSF is the number of “Monthly Peak Shaving Failures”, namely the number
of times in which the power withdrawal overcomes the set threshold.

2.6. Load shifting performance parameters

Load shifting techniques are applied to withdraw electricity when its price is lower,
store it, and employ it when the purchase price is higher. Therefore, load shifting
doesn’t consider the magnitude of the present net load but, instead, involves a charge
and discharge logic that depends exclusively on the present time slot. Due to the main
goal of this approach, the key indicator of the plants’ load shifting performances is the
amount of shifted load from F1 and F1 to F3 hours:

MSE = Original energy withdrawal during F2 and F3
— New energy withdrawal during F2 and F3 (2.9)

Shifted energy

PMSE =
Original energy withdrawal during F2 and F3 (2.10)

Where MSE is the “Monthy Shifted Energy” from F1 to F2 and F3 hours, and PMSE is
the “Percentage Monthly Shifted Energy”.
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2.7. Problems encountered with the data

2.7.1. Diffuse irradiance measurements collection

As explained before, direct energy production measurements were available only for
limited amounts of hours throughout the year. The missing values were estimated
thanks to a full dataset of irradiance and temperature measurements, which, however,
presented a major issue: the device measuring the diffuse horizontal irradiance (DHI)
generated implausible values when the sun was in certain positions. In particular,
during the mornings of the last days of august, the DHI measurements equaled or
overcame the global horizontal irradiance (GHI), which is clearly impossible. This can
actually happen if the device measuring the diffuse irradiance isn’t continuously
monitored. In fact, the sun rays, in certain hours, can align perfectly with the direction
of light collection of the device, resulting in global irradiance measurements instead of
just diffused ones. Therefore, we applied a strategy to make the DHI values more
reliable:

1. We computed the average ratio between the DHI and the GHI for each day,
considering only the afternoon hours. In particular, hours in which the solar
altitude angle was higher than 15° and solar azimuth angle was higher than 0°”
were used in the calculations.

2. The data selected to be corrected were the ones characterized by a DHI higher

than 400 =, and a ratio —= higher than 0.75.
m GHI

2
3. The original values were substituted with the product between the GHI and the
average daily ratio between DHI and GHI computed as in point 1..

2.7.2. Data synchronization with Daylight Saving Time

The data were collected without considering the effect of the change from Standard
Time to Daylight Saving Time and vice versa. This resulted in a desynchronization of
the measured power with respect to the measured irradiance and temperature. In
order to enable a proper estimation of the produced power we applied a one-hour shift
to the data in correspondence of the time convention changes.

2.8. Summary of the considered alternatives
In our simulations, the following load and PV plants’ typologies havebeen considered:

1. Load type:
1.1. Residential.

7 According to [66] the solar altitude angle is “the angle between the horizontal and the line to
the sun, that is, the complement of the zenith angle”, while the solar azimuth angle is “the
angular displacement from south of the projection of beam radiation on the horizontal plane.”
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1.2. Industrial.

PV plant’s configuration:

2.1. South facing monofacial.

2.2. South facing bifacial.

2.3. Vertically mounted east facing bifacial.

2.4. Vertically mounted west facing bifacial.

| Simulations” premises
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3 Peak shaving

When applying peak shavinglogics, the main goal is to reduce the maximum power
withdrawal during the most delicate hours of the day. Several methods revolving
around this concept have been suggested in the literature. What distinguishes peak
shaving from load shifting is the objective: in the former case, the intention is to reduce
electricity demand to prevent it from exceeding a certain threshold, while in the latter,
the objective is simply to shift the energy consumption from time periods when the
cost and load on the electrical grid are higher to periods when they are lower. It is
important to note that peak shaving and load shifting are not completely unrelated
concepts: when we are applying peak-shaving techniques, as a result we obtain some
load shifting, and when we apply load shifting, we may discharge the batteries during
peak hours, resulting in some peak-shaving.

3.1. Peak shaving approach A

In this first peak shaving investigation, we will consider the plants’” size obtained by
means of plant sizing approach A.

3.1.1. Preliminary battery sizing

Peak-shaving refers to the reduction of the withdrawal from the grid when the
electricity demand reaches its peak. However, the peak is often not the peak of the day
or month, but the peak of the day or month within a subset of the day, such as between
8:00 and19:00. This is sometimes referred to the Time of Use (TOU) peak, and is
typically calculated on a 15-, 30-, or 60-minute non-moving average. Our first strategy
to accomplish this goal was to set a threshold to the power withdrawal from the grid.
In this scenario, when the power demand overcomes the threshold, the storage must
feed the load a power corresponding to the difference between the load’s power
demand and the PV plant’s power production. The battery size was computed
assuming it equal to zero and calculating the difference between the load demand and
a hypothetical energy withdrawal resulting from a power stopping at the set
threshold. The additional energy to feed the load had to come from the hypothetical
battery. Therefore, the preliminary battery size corresponded to the energy needed to
ensure that the electricity withdrawalnever overcame the threshold, throughout the
whole year. This means that the battery was sized based on the worst day of the year.
By reducing the threshold, the preliminary battery size increases coherently, since
more and more energy must be withdrawn from it to avoid exceeding the set
withdrawallimit. This approachled to large battery sizes but could already investigate
the potentialities of vertical installations, because what determines the battery size is
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the total energy required during peak hours to limit the electricity withdrawal, that’s
strictly related to the power production during those same hours. Practically, if the
vertical installations achieve a higher production during peak hours, the resulting
battery size will decrease. A summary of the algorithm adopted for the battery sizing
is reported below:

Algorithm 1 - Preliminary battery sizing — peak shaving A

1: Set the electricity withdrawal threshold T

2: Define a vector called SIM and set all its values to zero

3: for i ranging from 00:00 am of 15t of January to 11:59 pm of 31t of December
(hourly time step)

4 if the hour is 00:00 am then

5 if NLT

6: SIM({) =0

7: if NL>T

8: SIM(i) = —(NL{) —T)

9: end if

10:  if the hour is higher than 00:00 am

11: if NL<T

12: SIM(i) = SIM(i — 1 hour)

13: if NL>T

14: SIM(i) = SIM(i — 1 hour) — (NL(i)) — T)
end if

15:  endif

16: end for

17:  PB, = abs(min(SIM))

3.1.1.1. Residential application

In the next sections we report the preliminary battery sizing obtained for a residential
load, for each considered configuration.

Table 3.1: Summary of the preliminary battery sizes obtained by means of approach A, for
the considered residential load.

2.5 2.059 1.708 1.764 2.038
2 3.392 3.128 3.335 3.675



| Peak shaving 45

1.5 5.974 5.803 6.251 6.542
1 8.974 8.803 9.251 9.542
0.5 12.699 12.686 13.722 14.139

3.1.1.2. Industrial application

In the next sections we report the battery sizes resulting from the approach A, when
considering an industrial load

Table 3.2: Summary of the preliminary battery sizes obtained by means of approach A, for
the considered industrial load.

450 963.437 915.14 847.372 836.998
425 1413.437 1380.622 1353.012 1350.842
400 1979.656 1970.966 1949.619 1950.842
375 2579.656 2570.966 2549.619 2550.842
350 3179.656 3170.966 3149.619 3150.842

3.1.2. Real battery sizes

If we take into account the batteries’ technological limitations, we have to increase the
size of the battery in each case to ensure proper load management. However, it must
be noticed that the batteries” capacity assumed for the simulations is the preliminary
one, since it corresponds to the available one.

3.1.2.1. Residential application

In this section we report the real battery sizing obtained for a residential load, for each
considered configuration.

Table 3.3: Summary of the real battery sizes obtained by means of approach A, for the
considered residential load.
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2.5 2.542 2.109 2.178 2.516
2 4.188 3.862 4.117 4.537
1.5 7.375 7.164 7.717 8.077
1 11.079 10.868 11.421 11.780
0.5 15.678 15.662 16.941 17.456

3.1.2.2. Industrial application

In this section we report the battery sizes resulting from the approach A, when
considering an industrial load.

Table 3.4: Summary of the real battery sizes obtained by means of approach A, for the
considered indsutrial load.

450 1189.428 1129.802 1046.138 1033.331
425 1744.984 1704.472 1670.385 1667.706
400 2444.0198 2433.291 2406.937 2408.447
375 3184.760 3174.032 3147.678 3149.188
350 3925.501 3914.773 3888.419 3889.928
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3.1.2.3. Battery sizes comparison

Real residential battery sizes obtained by means of
approach A

20
18
16
14
12
10

Battery size (kWh)

OoON B~ O

2.5 2 1.5 1 0.5
Selected thershold (kW)

e |\|onofacial battery size (kWh) === South facing bifacial battery size (kWh)

=== Fast facing bifacial battery size (kWh) West facing bifacial battery size (kWh)

Figure 3.1: Chart showing the battery sizes obtained by means of approach A, as a function
of the selected threshold, for the residential load.

Real industrial battery sizes obtained by means of approach
A

4500
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Battery size (kWh)

450 425 400 375 350
Selected threshold (kW)

e \lonofacial battery size (kWh) === South facing bifacial battery size (kWh)

=== East facing bifacial battery size (kWh) West facing bifacial battery size (kWh)

Figure 3.2: Chart showing the battery sizes obtained by means of approach A, as a function
of the selected threshold, for the industrial load.
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3.1.2.4. Battery sizing comments

The chart and tables shown above help us appreciate the difference between the
various configurations and thresholds.

In the residential case, the verticalinstallations overperform the traditional monofacial
one only for very high thresholds. Then their ability to reduce the battery size vanishes.
The size obtained with the shown approach is the one allowing the full peak shaving
of the loads curve throughout the whole year. This means that, although the vertical
PV production curve shows, on average, a better synchronization with the production
one, the most critical day of the year could show a higher demand in correspondence
of noon, leading to a better performance of the south facing alternatives. Furthermore,
this adopted sizing approach isn’t totally fair to the bifacial plants: having sized all the
plants to have the same annual power production, the number of modules needed for
the monofacial farm is higher, leading to an overestimation of the monofacial plant’s
performances. Finally, the high variability and unpredictability of the residential loads
doesn’t allow us to draw many conclusions about the potential of vertical installations
in reducing the battery size.

As far as the industrial load is concerned, we can instead start to see a battery sizes’
reduction achieved by means of vertical installations. The more regular industrial load
never shows demand peaks during the vertical installations” production dips and
takes advantage of the steadier power production of vertical modules, enabling a
reduction in the battery size. Unfortunately, this first approach doesn’t allow us to
draw definitive conclusions about the potential of vertical solutions, since:

e The batteries’ sizes’ reduction is achieved only under certain defined
circumstances.

e The plants were sized to ensure the same annual energy yield. In real life
situations I'm usually interested in optimizing also the number of modules,
reducing them to the lowest possible amount.

However, this first battery sizing strategy shows that, if we consider equally
performing plants’, the vertical farms” power curve’s shape can actually be an
advantage when sizing a storage system.

3.1.3. Perfect load forecast approach

As said previously, in this set of simulations, we apply logic relying on a perfect
forecast of the future loads. This is obviously impossible, but tells us if, in an ideal
situation, the adoption of vertical modules can be effective to ensure some
improvements with respect to the traditional situations.
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3.1.3.1. Simulation logic

Owning a preliminary battery size, we could carry out our first simulations. Our idea
was to fill the battery during the NIGHT time slot (namely, from 11 pm to 7 am of the

next day) of a certain amount (called “Hourly Recharge” or HR) during each night
hour. Having sized the battery to achieve a full peak shaving throughout the year,
including the night hours, the maximum electricity withdrawal during F3 hours
corresponded to the set threshold T, plus the hourly recharge HR. The simulations
showed the ability of the battery to prevent failures and achieve a full peak-shaving

throughout the whole year.

Algorithm 2 — Peak shaving A simulation

1:

Keep the same threshold T set for the battery sizing
Define the hourly recharge HR
Define the time slots F1, F2, F3, and the NIGHT hours
for i ranging from 00:00 am of 1¢t of January to 11:59 pm of 31t of December
(hourly time step)
if the hour belongs to the NIGHT time slot, then
ifOSNLG) <T
if B(i —1 hour) + HR < B,
B(i) = B(i — 1 hour) + HR
G(i) = HR + NL()
if B(i — 1 hour) + HR = B,
B(i) = By
G(i) = NL(i) + (B, — B(i — 1 hour))
end if
if NL() > T
if B(i —1 hour) + HR — (NL(i) — T) < B,
B(i) = B(@i— 1 hour) + HR — (NL() — T)
G(i) = NLG) + HR— (NL() =T)
if B(i — 1 hour) + HR— (NL()) = T) > B,
B(i) = By
G(@) = NL(GQ) + (B, — B(i — 1 hour)) + (NL(i)) = T)
end if
if NL(i) <0
if B(i —1 hour) + HR< B,
B(i) = B(i — 1 hour) + HR
G(i) = HR + NL()
if B(i — 1 hour) + HR = B,
B(i) = By
G(i) = NL(i) + (B, — B(i — 1 hour))
end if
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30:
31:
32:
33:
35:
36:
37:
39:
40:
41:
42:
43:
44:
45:
46:
47:
48:
49:
50:

end if
if the hour doesn’t belong to the NIGHT hours, then
ifO<NL() <T
B(i) = B(i — 1 hour)
G(i) = NL(Q)
if NL(G) >T
B(i) = B(i —1 hour) — (NL(i) — T)
G(@) = NL(i) — (B(1 — 1 hour) — B(i))
if NL(i) <0
if B(i —1 hour) — NL(i) < B,
B(i) = B(i — 1 hour) — NL(i)
G =0
if B(i —1 hour) — NL(i) = B,
B(i) = B,
G (i) = NL(i) + (B, — B(i — 1 hours))
end if
end if
end if
end for

| Peak shaving
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3.1.3.2. Simulations’ results

The power and energy curves of the plants, expressed in W and Wh respectively, for
the worst day of the year, namely the day when the total energy net load was highest,
are shown below. The monofacial plant is taken as reference to demonstrate the
validity of the battery sizing strategy.

3.1.3.2.1. Residential application

Threshold equal to 2.5 kW

5 Monofacial plant power and energy curves during the worst day of the year for a residential utility
T T
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1;.0 00 06:00 12‘00 18‘00 00:00
Jan 06, 2017
Time
Figure 3.3: Power and energy curves obtained by means of approach A for the monofacial

configuration applied to the residential load, with a set threshold of 2.5 kW
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Threshold set to 2 kW

Power (W)
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Figure 3.4: Power and energy curves obtained by means of approach A for the monofacial
configuration applied to the residential load, with a set threshold of 2 kW

Threshold set to 1.5 kW
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Figure 3.5: Power and energy curves obtained by means of approach A for the monofacial
configuration applied to the residential load, with a set threshold of 1.5 kW
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Threshold set to 1 kW

6 Monofacial plant power and energy curves during the worst day of the year for a residential utility
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Figure 3.6: Power and energy curves obtained by means of approach A for the monofacial

configuration applied to the residential load, with a set threshold of 1 kW.

Threshold set to 0.5 kW

i Monofacial plant power and energy curves during the worst day of the year for a residential utility
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Figure 3.7: Power and energy curves obtained by means of approach A for the monofacial
configuration applied to the residential load, with a set threshold of 0.5 kW.

3.1.3.3. Simulations results’ comments

By looking at the different plots, it’s clear how the battery sizing by means of the first
approach is strictly related to the set threshold. The more the threshold decreases, the
more the battery sizes increase to allow the full peaks shaving throughout the whole
year. The chosen day is very useful to understand that this kind of battery sizing
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strategy, despite being very effective to allow a full peak-shaving over the whole year,
leads to battery oversizing.

3.1.3.3.1. Industrial application

Threshold equal to 450 kW

10° Monofacial plant power and energy curves during the worst day of the year for an industrial utility
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Figure 3.8: Power and energy curves obtained by means of approach A for the monofacial
configuration applied to the industrial load, with a set threshold of 450 kW.

Threshold set to 425 kW

108 Monofacial plant power and energy curves during the worst day of the year for an industrial utility
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Figure 3.9: Power and energy curves obtained by means of approach A for the monofacial
configuration applied to the industrial load, with a set threshold of 425 kW.
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Threshold set to 400 kW

3 108 Monofacial plant power and energy curves during the worst day of the year for an industrial utility
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Figure 3.10: Power and energy curves obtained by means of approach A for the monofacial
configuration applied to the industrial load, with a set threshold of 400 kW.

Threshold set to 375 kW
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Figure 3.11: Power and energy curves obtained by means of approach A for the monofacial
configuration applied to the industrial load, with a set threshold of 375 kW.
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Threshold set to 350 kW
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Figure 3.12: Power and energy curves obtained by means of approach A for the monofacial
configuration applied to the industrial load, with a set threshold of 350 kW.

3.1.3.4. Simulations results’ comments

Asin the previous case, the industrial load requires greater battery capacitiesthe more
the threshold is reduced. Nonetheless, we can tell some major differences. First of all,
the battery size is very high even for very high thresholds, due to the steadier
electricity consumption of industrial utilities. This means that, as soon as the set
threshold gets lower than the peak power consumption, the required capacity becomes
immediately very high, because the net load remains above threshold for very long
times with respect to the residential case. The predictability of the industrial load leads
to a great battery capacity reduction when using vertical installations, because even in
the most delicate day of the year, we the demand curve follows more or less the
average behavior, contrarily to what happens in the residential case.

3.13.5. Peak shaving failures calculation

Calculating the peak shaving failures when using the first battery sizing strategy is
meaningless, since the battery size has been computed to ensure full peak shaving
throughout the whole year. Therefore, the number of failures is zero for every
configuration, every type of load, and every set threshold.

3.1.3.6. Achieved peak reduction calculation

Since the batteries, in the first peak shaving strategy, were sized to achieve the full
peak shaving, for a given threshold, throughout the whole year, the monthly peak



| Peak shaving 57

reduction will be generally given by the difference between the monthly peak load and

the set threshold.
3.1.3.6.1. Residential case

Table 3.5: Achieved residential peak load reduction range obtained by means of approach A
for each considered case.

T (kW) Monthly absolute peak reduction (kW)
. South facing | East facing West facing
Monofacial
bifacial bifacial bifacial
2.5 0+ 1.346 0-+1.346 0+ 1.346 0+ 1.346
2 0+ 1.846 0+1.846 0+ 1.846 0+ 1.846
1.5 0.1 +2.346 0.1 +2.346 0.1 +2.346 0.1 +2.346
1 0.6 +2.846 0.6 ~2.846 0.6 ~2.846 0.6 - 2.846
0.5 1.347 < 3.346 | 1.347 + 3.346 | 1.347 + 3.346 | 1.347 + 3.346

As we could expect, the absolute peak reduction, in this first approach, is the same for
every configuration. The maximum grid withdrawal over the year is set by the same
threshold, and the net load peak usually occurs when the PV farms” power production
tends to zero, regardless of the considered configuration. The minimum peak
reduction is zero when the net load never reaches the threshold in that month. When
lowering the peak shaving enough, even the least demanding months experience some
peak reduction.

The correspondent percentage peak reductions are reported below:

Table 3.6: Achieved residential percentage peak load reduction range obtained by means of
approach A for each considered case.

T (kW) Monthly percentage peak reduction (%)
Monofacial South facing | East facing West facing

bifacial bifacial bifacial

2.5 0-+35 0-+35 0 +35 0 +35
2 0 =48 0 =148 0+48 0 +48
1.5 6 +61 6 =61 6 +61 6 +61
1 37 +74 37 +74 37 +74 37 +74
0.5 69 + 87 69 + 87 69 + 87 69 + 87
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The month experiencing the higher peak reduction is February, while the one showing
the lowest advantage is August. This shows how the peak reduction is generally
inversely proportional to the average power production.

Industrial case

3.1.36.2.

Table 3.7: Achieved industrial peak load reduction range obtained by means of approach A
for each considered case.

T (kW) Monthly absolute peak reduction (kW)
_ South facing | East facing West facing
Monofacial

bifacial bifacial bifacial
450 32+ 88 32+ 88 32+ 88 32+ 88
425 57 + 113 57 + 113 57 +113 57 +113
400 82 + 138 82 + 138 82 + 138 82 + 138
375 107 + 163 107 + 163 107 + 163 107 + 163
350 132 =188 132 + 188 132 =188 132 + 188

Due to the nature and the patternscharacterizing the industrial load, the absolute peak
reduction isn’t zero even for high threshold and during the summer months. It can be
noticed that, due to the steadier power consumption of the load over the course of the
year, the difference of peak reduction between the summer and winter months is much
lower than in the previous case.

We report below the corresponding percentage peak reductions:

Table 3.8: Achieved industrial percentage peak load reduction range obtained by means of

approach A for each considered case.

T (kW) Monthly percentage peak reduction (%)
' South facing | East facing West facing

Monofacial bifacial bifacial bifacial
450 7+16 7+ 16 7+ 16 7+ 16
425 12 =21 12 =21 12 =21 12 =21
400 17 = 26 17 = 26 17 = 26 17 = 26
375 22 + 30 22 + 30 22 + 30 22 + 30
350 27 =35 27 =35 27 =35 27 =35
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The most and least impacted months are February (as in the previous case) and
December, respectively. It's clear that, in this case, the main factor influencing the peak
reduction isn’t the average power production, but the average load.

3.2. Peak shaving approach B

In this first peak shaving investigation, we will consider the plants” size obtained by
means of plant sizing approach B.

3.2.1. Preliminary battery sizing

In this second set of simulations, to obtain realistic battery sizes, we decided to apply
an empirical rule described by the following equation, for all the cases:

B,, = abs(mean(L —S)) * DOA (3.1)

Where DOA is the number of “Days of Autonomy” chosen. In our case we set the DOA
to three, which is a usual value for this battery sizing method. This approach led us to
the battery sizes reported below:

Table 3.9: Summary of the preliminary battery sizes obtained by means of approach B.

Monofacial 0.639 998.896
South facing bifacial 0.471 946.071
East facing bifacial 0.616 991.389
West facing bifacial 0.621 992.909

3.2.2. Real battery sizing

When we account for the batteries’ technological limits, these are the resulting
batteries’ sizes:

Table 3.10: Summary of the real battery sizes obtained by means of approach B
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Monofacial 0.790 1233.205
South facing bifacial 0.581 1167.988412
East facing bifacial 0.760 1223.936859
West facing bifacial 0.766 1225.813647

Real residential battery sizes obtained by means of

approach B (kWh)

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

0
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M Real residential battery sizes obtained by means of approach B (kWh)

Figure 3.13: Comparison of the real residential battery sizes obtained by means of approach
B.
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Real industrial battery sizes obtained by means of approach

B (kWh)
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Figure 3.14: Comparison of the real industrial battery sizes obtained by means of approach B.

3.2.3. Battery sizing comments

When analyzing the obtained battery sizes, it’s important to remember that, in this
second approach, all the solutions are characterized by the same number of modules,
contrary to what happened with the first approach. As already seen, this means an
higher productivity of the south facing bifacial PV plant with respect to the
alternatives.

The battery sizing obtained by means of approach B leads to way lower results with
respect to approach A. In particular, it’s important to notice that:

e Being based on the average net load, the obtained battery sizes show clearly
that the production characterizing the south facing bifacial is certainly higher
with respect to the alternatives, leading to lower relative battery sizes.

e The residential load shows a very variable demand, characterized by the
presence of a low average load and some distinct peaks. This leads to a low
average battery size, which can hinder our goals of peak shaving and load
shifting. The industrial load, instead, is usually comparable with the peak one,
leading to battery sizes more suitable for the peak shaving and load shifting
purposes.

It's impossible to draw meaningful conclusions just by looking at the battery sizes,
since there’s still no certainty about the ability of a certain battery (coupled with the
relative PV farm) to shave the peaks and shift the loads.
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3.2.4. Perfect load forecast approach

3.24.1. Simulation logic

In this second approach, the battery was sized prior to the simulations. As a result,
without any certainty that the battery was sufficiently large to perform peak shaving
throughout the year, we preferred to limit the peak shaving to the hours within time
slots F1 and F2. During the hours belonging to time slot F3, electricity withdrawalfrom
the grid was set to be equal to the net load, plus the initially established hourly
recharge, until the battery was completely filled.

Algorithm 3 — Perfect forecast peak shaving B simulation
1: Define the threshold

2: Define the hourly recharge HR

3: Define the time slots F1, F2, F3, and the NIGHT hours

4: for i ranging from 00:00 am of 1t of January to 11:59 pm of 313t of December
(hourly time step)

5 if the hour belongs to the NIGHT time slot, then

6: if NL(i)) >0

7: if B(i — 1 hour) + HR < B,

8: B(i) = B(i — 1 hour) + HR

9: G(i) = HR + NL()

10: if B(i — 1 hour) + HR = B,

11: B(i) = By

12: G@i) = NL(Qi) + (B, — B(i — 1 hour))

13: end if

14: if NL()) <0

15: if B(i —1 hour) + HR < B,

16: B(i) = B(i — 1 hour) + HR

17: G(@) = HR + NL(i)

18: if B(i — 1 hour) + HR > B,

19: B() =B,

20: G () = (B, — B(i — 1 hour)) + NL(i)

21: end if

22: end if

23:  if the hour doesn’t belong to the NIGHT hours, then

24: ifOSNLG) <T

25: B(i) = B(i — 1 hour)

26: G@) =NL(®)

27: if NL(G) >T

28: B(i) = B(i — 1 hour) — (NL(i) — T)

29: G@@) = NL() — (B(1 — 1 hour) — B(i))
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30: if NL(i) <0

31: if B(i —1 hour) —NL(i) < B,

32: B(i) = B(i — 1 hour) — NL(i)

33: Gi) =0

34: if B(i — 1 hour) — NL(i) > B,

35: B(i) = B,

36: G (i) = NL(i) + (B, — B(i — 1 hours))
37: end if

38: end if

39: endif
40: end for

3.2.4.2. Simulations’ results

3.242.1. Residential case

Threshold set to 2.5 kW

Power and energy curves for the worst day of the year for i i ion and resi ial utility
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Figure 3.15: Energy and power curves obtained by means of approach B for the monofacial
configuration and the residential load, when the threshold is set to 2.5 kW.
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Threshold set to 2 kW
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Figure 3.16: Energy and power curves obtained by means of approach B for the monofacial
configuration and the residential load, when the threshold is set to 2 kW.

Threshold set to 1.5 kW

Power and energy curves for the worst day of the year for i i ion and resi ial utility
T T

4000 T T T I T

Net load (W)
/ Battery state of energy (Wh)
3500 | / Pawer withdrawal from the grid (W) |

3000 — / / -
2500 / / -
2000 - / / s

1500 — / / =

Power (W)

1000 — [ =1

500 f

-500 — - -

1 1 1 | 1 1 | I 1 1 L Il
Feb 13,02:00 Feb 13,04:00 Feb 13,06:00 Feb 13,08:00 Feb 13, 10:00 Feb 13, 1200 Feb 13, 14:00 Feb 13, 16:00 Feb 13, 18:00 Feb 13,20:00 Feb 13,22:00 Feb 14, 00:00
2017

Time
Figure 3.17: Energy and power curves obtained by means of approach B for the monofacial
configuration and the residential load, when the threshold is set to 1.5 kW.
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Threshold set to 1 kW

i Power and energy curves for the worst day of the year for i i ion and resi utility
T T T T T T I

Net load (W)

Battery state of energy (Wh)
3500 / Pawer withdrawal from the grid (W) |

3000 - / / =
2500 — f / =
2000 - / 4 -

1500

Power (W)

1000 g -

-500 }

1 1 1 | 1 1 1 1 1 1 1
Feb 13, 02:00 Feb 13,04:00 Feb 13,06:00 Feb 13,08:00 Feb 13, 10:00 Feb13,12:00 Feb 13, 14:00 Feb 13, 16:00 Feb 13, 18:00 Feb 13.20:00 Feb 13, 22:00 Feb 14, 00:00
2017

Time
Figure 3.18: Energy and power curves obtained by means of approach B for the monofacial
configuration and the residential load, when the threshold is set to 1 kW.

Threshold set to 0.5 kW
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Figure 3.19: Energy and power curves obtained by means of approach B for the monofacial
configuration and the residential load, when the threshold is set to 0.5 kW.
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3.242.2. Industrial case

Threshold set to 450 kW
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Figure 3.20: Energy and power curves obtained by means of approach B for the monofacial
configuration and the industrial load, when the threshold is set to 450 kW.

Threshold set to 425 kW
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Figure 3.21: Energy and power curves obtained by means of approach B for the monofacial
configuration and the industrial load, when the threshold is set to 425 kW.
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Threshold set to 400 kW
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Figure 3.22: Energy and power curves obtained by means of approach B for the monofacial
configuration and the industrial load, when the threshold is set to 400 kW.

Threshold set to 375 kW
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Figure 3.23: Energy and power curves obtained by means of approach B for the monofacial
configuration and the industrial load, when the threshold is set to 375 kW.
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Threshold set to 350 kW
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Figure 3.24: Energy and power curves obtained by means of approach B for the monofacial
configuration and the industrial load, when the threshold is set to 350 kW.

3.2.4.3. Simulations results’ comments

3.243.1. Residential case

By looking at the charts, it's immediately clear that the combination of the chosen
battery sizes and the adopted charging and discharging strategies doesn’t enable the
peak shaving throughout the whole year for the residential load. This is due to two
major issues:

e The low average net load leads to very low battery sizes, which are unable to
shave very high peaks on one hand and can’t store all the excess energy when
the net load is below zero on the other.

e The charging strategy that doesn’t allow the battery recharge during F2 and F3
hours. This leads to the battery state of energy depletion during the first peak
that, combined with the previously mentioned aspects, leads to the inability to
face the second peak many times in the course of the year.

3.24.3.2. Industrial case

As far as the industrial load is concerned, the battery sizing techniques proves to be
much more effective, as it allows for a complete peak shavingeven for threshold much
lower than the demand peak and enables a great energy storage when the net load is
below zero. Although the battery experiences the same impossibility to recharge
during F1 hours the one obtained in the residential case, the much higher capacity,
resulting from a much higher average load, due to the steadier power demand
characterizing the industrial utilities, enables higher performances with respect to the
previous case.
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3.244. Peak shaving failures calculation

3.244.1.

Residential case

69

Table 3.11: Residential peak shaving failures range obtained by means of approach B for each

case.
T (kW) Monthly number of peak shaving failures
Monofacial Sou’fh fzilcing Eas.t fa.cing We?t fa.cing
bifacial bifacial bifacial
2.5 0+4 0+3 0+3 0+3
2 0-=10 0+7 0-+10 0-+10
1.5 0-+34 1-+31 1+34 1+34
1 1+54 3 +52 3+53 3 +53
0.5 6 -87 6 = 88 7 +-96 7 +-96

The number of peak shaving failures depends on two main parameters: the battery
storage’s size, and the average power production. As the threshold gets lower, the
battery size becomes more and more important. Unfortunately, while the higher
power production of the south facing bifacial farm counterbalances the small battery
size, the vertical installations can’t produce enough to compensate the smaller battery
size compared to the monofacial alternative.

3.244.2.

Industrial case

Table 3.12: Industrial peak shaving failures range obtained by means of approach B for each

case.
T (kW) Monthly number of peak shaving failures
Monofacial South facing | East facing West facing
bifacial bifacial bifacial
450 1+ 22 1+16 0+ 15 0+ 15
425 1+32 2 +24 0=+27 0=+27
400 6 +-37 3+27 0—+38 0+38
375 9 - 38 5+29 2+39 2+139
350 10 =39 8 +31 2 +40 2 +40
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As in the previous approach, the vertical installations reveal to be better for the
industrial load. Their number of failures is comparable with the one characterizing the
south facing solutions, while they result in better performances at high thresholds.

3.24.5. Achieved peak reduction calculation

When using approach B, the battery storage system can’t always ensure the full peak
shaving for a given threshold. Therefore, the achieved peak reduction will vary based
on the adopted PV farm configuration.

3.245.1. Residential case

Table 3.13: Absolute residential peak load reduction range obtained by means of approach B.

T (kW) Monthly absolute peak reduction (kW)
Monofacial South facing | East facing West facing

bifacial bifacial bifacial

2.5 0=+ 0.64 0-+047 0+ 0.62 0+ 0.62

2 0=+ 0.64 0-=047 0=+ 0.62 0+ 0.62
1.5 0=+ 0.64 0-=047 0=+ 0.62 0+ 0.62

1 0=+ 0.64 0-=047 0= 0.62 0+ 0.62
0.5 0+ 0.64 0047 0+ 0.62 0+ 0.62

The results clearly show that, when we apply approach B, thus avoiding recharging
during F1 hours, the peak reduction clearly depends on the battery size. When the
battery size depends on the average net load, as in this case, the availableenergy at the
end of the day to shave the peaks is lower for better performing plants, like the bifacial
ones, resulting in alower peak reduction. Since the system almost always fails to shave
the peaks before discharging the batteries completely, the amount of peak reduction
doesn’t change when we set the threshold lower. We report, in the following table, the
corresponding percentage peak reduction:

Table 3.14: Percentage residential peak load reduction range obtained by means of approach

B.
T (kW) Monthly percentage peak reduction (%)
Monofacial South facing | East facing West facing
bifacial bifacial bifacial
25 0-=20 0-=16 0-+20 0-+20
2 0=20 0=16 0-+20 0+20
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1.5 0-=+20 0-=+16 0-=+20 0-=20
1 0-=+20 0-=+16 0-=+20 0-=20
0.5 0-+20 0-+16 0-+20 0-+20
3.245.2. Industrial case

Table 3.15: Absolute industrial peak load reduction range obtained by means of approach B.

T (kW) Monthly absolute peak reduction (kW)
Monofacial Sout.h fe.icing Easf faFmg We?t fécmg

bifacial bifacial bifacial
450 32+ 88 32+ 88 32+ 88 32+ 88
425 57 +113 57 +113 57 +113 57 +113
400 23 +104 18 - 138 17 + 138 22 +138
375 8 +129 9 +132 9 +126 9 +126
350 8 +~ 151 0.1+ 157 7 + 149 7 +149

Something really interesting happens when considering theindustrial case. The higher
battery size, due to the higher average netload characteristic of the industrial utilities,
is enough to prevent peak shaving failures at least for high values of the threshold.
Since thebatteries aren’t as different as before, the PV farms’ production becomes more
and more important in this situation. This can be clearly seen when the threshold is set
to 400 kW, where the low battery size of the south facing configuration results in a
very low peak reduction in the worst case, but in the desired peak reduction in the best
one. This doesn’t happen, instead, in the monofacial case, where the higher battery size
leads to a higher peak reduction in the worst month, but in a suboptimal peak
reduction in the best one. The same reasoning can be applied to the vertical
installations. As the threshold gets lower, the battery storage’s size becomes more and
more important to ensure the proper shaving of the peaks. Unfortunately, the lower
battery size with respect to the monofacial alternative, and the lower average power
production with respect to the south facing bifacial one, make the vertical installations
not advantageous in most of the cases.

Table 3.16: Percentage indsutrial peak load reduction range obtained by means of approach
B.

T (kW)

Monthly percentage peak reduction (%)
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Monofacial South facing | East facing West facing

bifacial bifacial bifacial
450 7+ 16 7+ 16 7+ 16 7+ 16
425 12 +21 12 +21 12 +21 12 +21
400 421 3+26 3+26 4 =26
375 2 +26 2 +26 2 +25 2 +25
350 2=+31 0.2+ 31 1-+30 1+30

With respect to the previous approach, here the worst and best peak reductions are
obtained in different months, due to the failures.

It's important to notice that, for very low thresholds, the minimum peak reduction
obtained by means of the south facing bifacial plant is very low, due to the lower
battery size.

3.2.5. Persistence approach

In this second type of approach regarding the first set of simulations, we relied on the
so called “Persistence method”. Basically, we assumed that both the loads and the PV
power production characterizing the next day resembled the ones experienced on the
considered day or on the same day of the previous week. This is a more realistic
situation with respect to the previous one, since this method, although not very
advanced, could be actually deployed in real life situations. This leads to less
satisfactory but certainly more realistic results.

3.2.5.1. Simulation strategy

While, in the previous approach, the moments of charge and discharge of the battery
were determined by means of a perfect forecast of the loads, here they are carried out
based on the loads and power production of the previous days. This translates in
shifting the load and PV production curves by one day or one week forward,
comparing them to identify the net load, identify the predicted minimum threshold to
ensure full peak shaving, apply it to the next day and see if the battery is able to achieve
it when interacting with the real loads, and what are the resulting power flows. This
means that the battery and grid management won’t be the optimal ones. Nonetheless,
this is a far more realistic logic, which could be actually implemented in real life
situations, despite relying on simple assumptions.

Furthermore, to make this new set of simulations even more realistic, we allowed a
battery recharge during F1 and F2, but still making sure that the predicted grid
withdrawal didn’t overcome the chosen threshold. This kind of choice is perfectly
coherent with the goal of peak shaving, namely the ability to limit the peak power
withdrawal to a certain threshold. Moreover, the battery recharge allowed during
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those hours actually increases the ability of the battery to shave the peaks, since more
energy is available before the net load overcomes the threshold.

3.2.5.2. Threshold identification

We identified the threshold by applying, to the predicted data, the charge and
discharge strategies we had to adopt for the predicted day. After starting with a very
high threshold, namely the annual peak net load, we then reduced it by a proper step
before each iteration and simulated the available battery energy during the predicted
scenario for each set threshold. We kept iterating until the battery state of energy in
the predicted scenario didn’t get to zero. The minimum threshold to allow a full peak
shaving was the one characterizing the previous iteration.

We report the algorithm for the threshold identification (remember that NL:is the
predicted net load, here use in the place of the real NL):

Algorithm 4 — Persistence method peak shaving B threshold forecast

1: Define the hourly recharge HR

2: Define the time slots F1, F2, F3, and the NIGHT hours

3: for i ranging from 00:00 am of 1¢t of January to 00:00 pm of 31t of December
(daily time step)

4 Define the starting threshold T

5 while the lowest daily battery state of energy is > 0

6: for h ranging from 0 hours to 23 hours

7: if the hour belongs to the NIGHT time slot, then

8: if B(i + h— 1hour) + HR< B,

9: B(i+h) =B(i +h—1hour) + HR

10: if B(i + h— 1hour) + HR = B,

11: B(i+h) =B,

12: end if

13:  if the hour doesn’t belong to the NIGHT hours, then

14: if B(i + h— 1hour) — (NL,,(i+h) —T) 2B,
15: B(i+ h) =By

16: if B(G +h — 1hour) — (NL,, (i+h) —T) <0
17: B(i+h =0

18: else

19: B(i +h) = B(i + h— 1 hour) — (NL,,(i+ h) = T)
20: end if

21:  endif

22:  end for

23: T =T-AT

24: end while
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25: T(i: (i + 23 hours)) = T + AT
26: end for

A summary of the chosen starting thresholds, together with their relative iteration step
is shown below, along with the chart reporting the annual minimum predicted
thresholds, both for the residential and industrial cases, and both for the daily and the
weekly persistence methods, are shown below (charts showing the monofacial case):

Table 3.17: Summary of selected starting thresholds and thresholds iteration steps.

Starting threshold (kW) 3.5 525
Threshold iteration step (kW) 0.25 25

3.252.1. Previous day based prediction
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for the and the utility
P00, T T T

3000 [~ -

o NN T ‘ |

2000 [t-'|

1500

Il AR
Al AJ I
*\

Power (W)
|

500 [~

s

Time
Figure 3.25: Previous day’s minimum thresholds prediction for the monofacial configuration
and the residential load.
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Industrial case
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Figure 3.26: Previous day’s minimum thresholds prediction for the monofacial configuration
and the industrial load.
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Figure 3.27: Previous week’s minimum thresholds prediction for the monofacial
configuration and the industrial load.

3.2.5.3. Minimum thresholds” prediction comments
By looking at the different charts, we can immediately notice some peculiarities:

e The predicted threshold is much more variable in the residential case with
respect to the industrial one. This is due to the demand curves characterizing
both the utilities.

e The predicted threshold is higher at the beginning and at the end of the year, as
we would expect, since the power production during the summer months is
obviously higher than the one experienced in the winter ones leading, on
average, to a lower net load.

3.25.4. Power flows simulation

The power flow simulations followed the logic applied for the minimum thresholds’
prediction, but this time:

e The calculations were based on the real load and PV power production data.
The simulations were led considering the daily threshold calculated in the
previous passage.

e We had to calculate both the real hourly battery state of energy and the real
power withdrawal from the grid.

The algorithm for the estimation of these two quantities is reported below (please note
that, here, the real NL is considered):

Algorithm 5 — Persistence method peak shaving B simulation
1: Define the hourly recharge HR
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»

Define the time slots F1, F2, F3, and the NIGHT hours

for i ranging from 00:00 am of 1t of January to 11:59 pm of 313t of December
(hourly time step)

4 if the hour belongs to the NIGHT time slot, then

5: if B(i — 1 hour) + HR < B,

6: B(i)) = B(i — 1 hour) + HR
7

8

9

@

G(i) = NL(i) + HR
if B(i — 1 hour) + HR = B,

: B(i) = B,
10: G(i) = NL(i) + (B, — B(i — 1 hour))
11: end if
12:  if the hour doesn’t belong to the NIGHT hours, then
13: if B(i —1 hour) — (NL(i) —T(i)) = B,
14: B(i) = B,
15: G(@i) = NL(@) + (B, — B(i — 1 hour))
16: if B(i — 1 hour) — (NL() =T () <0
17: B(i)=0
18: G(i) = NL(i) —B(i — 1 hour)
19: else
20: B(i) = B(i — 1 hour) — (NL(i) — T(i))
21: G =NL@ + (T —NLD)
22: end if
23:  end if
24:  end for

3.2.55. Simulations’ results

We report the results obtained by means of the battery sizing approach B, combined
with the persistence approach.
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3.255.1. Residential load
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Figure 3.28: Power and energy curves for the monofacial configuration and the residential
load in a day with predicted threshold equal to 2 kW, obtained by means of the persistence
method based on the previous day.
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Figure 3.29: Power and energy curves for the monofacial configuration and the residential
load in a day with predicted threshold equal to 1 kW, obtained by means of the persistence
method based on the previous day.



| Peak shaving

Previous week based forecast
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Figure 3.30: Power and energy curves for tne monofacial configuration and the residential
load in a day with predicted threshold equal to 2 kW, obtained by means of the persistence
method based on the previous week.
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Figure 3.31: Power and energy curves for the monofacial configuration and the residential
load in a day with predicted threshold equal to 1 kW, obtained by means of the persistence
method based on the previous week.
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3.255.2. Industrial load
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Figure 3.32: Power and energy curves for the monofacial configuration and the industrial
load in a day with predicted threshold equal to 325 kW, obtained by means of the persistence

method based on the previous day.
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Figure 3.33: Power and energy curves for the monofacial configuration and the industrial
load in a day with predicted threshold equal to 275 kW, obtained by means of the persistence

method based on the previous day.
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Previous week based forecast
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Figure 3.34: Power and energy curves for the monofacial configuration and the industrial
load in a day with predicted threshold equal to 325 kW, obtained by means of the persistence
method based on the previous day.
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Figure 3.35: Power and energy curves for the monofacial configuration and the industrial
load in a day with predicted threshold equal to 275 kW, obtained by means of the persistence
method based on the previous day.

3.2.5.6. Simulations’ results comments

The charts show that the chosen battery charging and discharging strategies let the
system perform better with respect to the previous approaches. However, the
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persistence method, due to its simplicity, often fail to identify the real minimum
allowed threshold for that day, either because it sets the threshold either too low, as in
Figure 3.29: Power and energy curves for the monofacial configuration and the
residential load in a day with predicted threshold equal to 1 kW, obtained by means
of the persistence method based on the previous day. Figure 3.30: Power and energy
curves for the monofacial configuration and the residential load in a day with
predicted threshold equal to 2 kW, obtained by means of the persistence method based
on the previous week., Figure 3.31: Power and energy curves for the monofacial
configuration and the residential load in a day with predicted threshold equal to 1 kW,
obtained by means of the persistence method based on the previous week., and Figure
3.34: Power and energy curvesfor the monofacial configuration and the industrial load
in a day with predicted threshold equal to 325 kW, obtained by means of the
persistence method based on the previous day. leading to peak shaving failures in the
real scenario, or too high, as in Figure 3.28: Power and energy curves for the monofacial
configuration and the residential load in a day with predicted threshold equal to 2 kW,
obtained by means of the persistence method based on the previous day. and Figure
3.35, where the battery could have been discharged further to allow for a lower
threshold. Just in Figure 3.32 and Figure 3.33, the minimum threshold prediction led
to the real minimum value, showing that the forecast it much easier in the industrial
case, owing to the higher predictability of the loads.

Table 3.18: Peak shaving failures range when applying the previous day based forecast.

Configuration Residential load Industrial load
Monofacial 0+21 37 +~ 62
South facing bifacial 2+19 17 + 54
East facing bifacial 2+19 37 +~ 68
West facing bifacial 2+20 40 + 66

Table 3.19: Peak shaving failures range when applying the previous week based forecast.

Configuration Residential load Industrial load
Monofacial 0+ 24 17 + 73
South facing bifacial 4 + 32 15+ 60
East facing bifacial 3 +27 31+70
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West facing bifacial 3+28 33 + 67

The number of failures shows something interesting: the battery size is still one of the
main parameters determining the number of failures, but the steadier and higher
production of the bifacial modules ensures a better prediction in the worst months.
However, since the threshold prediction didn’t limit to the set of shown thresholds
shown for approach A, this results in very high number of failures when the minimum
threshold prediction is far from the actual one, especially in the industrial case, where
the more constant power consumption results in many hours of failed peak shaving if
the threshold is set too low. The number of failures is comparable to the ones obtained
in the previous approach for the residential case, because, when the fixed threshold
was high, that ensured a lower amount of failures, while when the threshold was set
very low, that meant an higher amount of failures with respect to this alternative
approach, where the average threshold is higher.

Table 3.20: Peak reduction range when applying the previous day-based forecast (percentage
reduction in brackets).

Configuration Residential load (kW) Industrial load (kW)
Monofacial 0+0.5(0+0.12) 0+ 5(0~+0.08)
South facing bifacial 0+0.5(0+0.12) 0+ 5(0~+0.08)
East facing bifacial 0+ 0.6 (0+0.28) 0+6(0+0.1)
West facing bifacial 0-+ 0.6 (0+0.28) 0+6(0+0.1)

Table 3.21: Peak reduction range when applying the previous week-based forecast
(percentage reduction in brackets).

Configuration Residential load (kW) Industrial load (kW)
Monofacial 0+ 0.6 (0+0.15) 0+6(0+0.1)
South facing bifacial 0+ 0.5(0+0.12) 0+5(0+0.08)
East facing bifacial 0+ 0.6 (0+0.15) 0+6(0-+0.1)
West facing bifacial 0+ 0.6 (0+0.15) 0+6(0+0.1)
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Unfortunately, when we cannot rely on a perfect forecast, the achieved peak reduction
is very small, because, as soon as the minimum threshold prediction fails by far, the

monthly peak power consumption gets almost always to the one experienced without
peak shaving techniques. This happens more often in the industrial case, since usually
we can’trecharge the battery storages by means of the excess energy deriving from the
PV farm, as happens instead in the residential case.

3.3. Summary of the obtained battery sizes:

3.3.1. Residential case

Table 3.22: Summary of the battery sizes obtained by means of the two approaches for the
residential load.

2.5 2.542 2.109 2.178 2.516

2 4.188 3.862 4.117 4.537

A 1.5 7.375 7.164 7.717 8.077
1 11.079 10.868 11.421 11.780

0.5 15.678 15.662 16.941 17.456

B - 0.790 0.581 0.760 0.766

3.3.2. Industrial case

Table 3.23: Summary of the battery sizes obtained by means of the two approaches for the
industrial load.

450 1189.428 1129.802 1046.138 1033.331
425 1744.984 1704.472 1670.385 1667.706
A 400 2444.0198 2433.291 2406.937 2408.447
375 3184.760 3174.032 3147.678 3149.188
350 3925.501 3914.773 3888.419 3889.928
B - 1233.205 1167.988 1223.937 1225.814
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4 1oad shifting

In this first peak shaving investigation, we will consider the plants’ size obtained by
means of plant sizing approach C.

As mentioned before, load shifting focuses on moving the withdrawal from the grid,
from the hours in which the electricity price is higher, due to a higher global electricity
demand, to the hours in which they are both lower. Please, bear in mind that, despite
following different strategies, peak shaving and load shifting aren’t completely
unrelated: when we apply load shifting techniques, some battery discharges will
definitely juxtapose with some demand peaks, leading to a lower electricity
withdrawal during peal periods.

4.1. Battery sizing

To make the simulation as realistic as possible, we decided to maintain the battery
sizing applied in Approach B.

4.2. Simulation logic

When adopting a load-shifting perspective, the only goal is to shift the load from F1
and F2 hours, to F3 hours, without trying necessarily to reduce the peaks occurring
daily.

Algorithm 6 — Load shifting simulation
Define the hourly recharge HR
Define the time slots F1, F2, F3, and the NIGHT hours
for i ranging from 00:00 am of 1st of January to 11:59 pm of 313t of December
if the hour belongs to the NIGHT time slot, then
if NL() >0
if B(i — 1 hour) + HR < B,
B(i) = B(i — 1 hour) + HR
G(i) = HR + NL()
if B(i — 1 hour) + HR > B,
B(i) = B,
G(@i) = NL(i) + (B,— B(i — 1 hour))
end if
if NL()) <0
if B(i — 1 hour) + HR < B,

S WY
=N 2o



86

15:
16:
17:
18:
19:
20:
21:
22:
23:
24:
25:
26:
27:
28:
29:
30:
31:
32:
33:
34:
35:
36:
37:
38:
39:
40:
41:

B(i) = B(i — 1 hour) + HR
G(@) = HR + NL(i)
if B(i — 1 hour) + HR = B,
B(@) = B,
G (@) = (B, — B(@i — 1 hour)) + NL(i)
end if
end if
if the hour doesn’t belong to the NIGHT hours, then
if NL(i) =0
if B(d —1 hour) —NL() >0
B(i) = B(i — 1 hour) — NL(i)
G =0
if B(Gd—1hour) —NL() <0
B(i)=0
G(i) = NL(i) —B(i — 1 hour)
end if
if NL(i) < 0
if B(i — 1 hour) — NL(i) < B,
B(i) = B(i — 1 hour) — NL(i)
G =0
if B(i — 1 hour) — NL(i) = B,
B(i) = B,
G(@i) = NL(i) + (B, — B(i — 1 hour))
end if
end if
end if
end for

| Load shifting
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4.3. Simulations’ results

4.3.1. Residential case

4.3.1.1. Monofacial configuration

i Power and energy curves when applying the load shifting strategy to the and the ial utility
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Figure 4.1: Power and energy curves obtained by means of the load shifting method for the
monofacial configuration and the residential load.

4.3.1.2. South facing bifacial configuration

Power and energy curves when applying the load shifting strategy to the south facing bifacial configuration and the residential utility
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Figure 4.2:Power and energy curves obtained by means of the load shifting method for the
south facing bifacial configuration and the residential load.
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4.3.1.3. East facing bifacial configuration

i Power and energy curves when applying the load shifting strategy to the east facing bifacial ion and the resi ial utility
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Figure 4.3: Power and energy curves obtained by means of the load shifting method for the
east facing bifacial configuration and the residential load.

4.3.14. West facing bifacial configuration

Power and energy curves when applying the load shifting strategy to the west facing bifacial configuration and the residential utility
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Figure 4.4: Power and energy curves obtained by means of the load shifting method for the
west facing bifacial configuration and the residential load.
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4.3.2. Industrial case

4.3.2.1. Monofacial configuration

10 2 10° Power and energy curves when applying the load shifting strategy to the ion and the i ial utility
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Figure 4.5: Power and energy curves obtained by means of the load shifting method for the
monofacial configuration and the industrial load.

4.32.2. South facing bifacial configuration

10 2108 Power and energy curves when applying the load shifting strategy to the south facing bifacial configuration and the industrial utility
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Figure 4.6: Power and energy curves obtained by means of the load shifting method for the
south facing bifacial configuration and the industrial load.
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4.3.2.3. East facing bifacial configuration

«10° Power and energy curves when applying the load shifting strategy to the east facing bifacial ion and the i ial utility
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Figure 4.7: Power and energy curves obtained by means of the load shifting method for the
east facing bifacial configuration and the industrial load.

4.3.24. West facing bifacial configuration

«10° Power and energy curves when applying the load shifting strategy to the west facing bifacial configuration and the industrial utility
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Figure 4.8: Figure 4.7: Power and energy curves obtained by means of the load shifting
method for the west facing bifacial configuration and the industrial load.

4.4. Simulations results’ comments

As seen in all the previous cases, the behavior of the industrial load is much more
similar among all the alternative configurations, while the residential one shows a way
higher variability. It's also clear that the batteries” discharge at a very high rate in the
industrial case, due to tan higher average demand. Furthermore, while in a residential
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load the PV farm production can easily overcome the power demand for several hours,
yielding a significant excess energy to store in the battery storage system is almost
impossible when considering an industrial load. Therefore, the storage is able to cover
the load just for the first F1 hours of the day in the industrial case, while it can also
limit the electricity withdrawal in the second half of the day in the residential one, due
to the further energy availability experienced in the central hours of the day, due to

the low consumption and high production in that interval.

4.5. Achieved load shifting calculation

Table 4.1: Monthly achieved load shifting range (percentage values in brackets).

Residential load
Configuration ceidenta’ 1od Industrial load (kWh)
(kWh)
Monofacial 21 +27(0.09 + 0.33) 25719 =+ 30966 (0.24 + 0.28)

South facing bifacial

15 =+ 22 (0.06 = 0.30)

23092 + 29479 (0.16 + 0.25)

East facing bifacial

20 + 23 (0.08 + 0.31)

24116 + 30733 (0.16 + 0.27)

West facing bifacial

20 + 23 (0.08 + 0.31)

24196 + 30786 (0.16 + 0.27)

The achieved load shifting is higher for the monofacial case for one main reason: the
higher battery size allows a higher energy storage, enabling a higher energy

withdrawal from the battery in the F1 hours.
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5 Economic analysis

One of the key parameters, when considering the potential of a certain technology, is
the economic advantage of its adoption. In the next sections, we carried out a very brief
economic analysis to deal with this topic.

5.1. Reference specific costs

5.1.1. PV modules’ costs’

Defining a specific cost for the monofacial and bifacial modules is quite a difficult task,
due to the high price variation characterizing different technologies and
manufacturing years. The price of the selected monofacial module was 240 €.
Therefore, the resulting cost per W is:

240 €
285 W

Specific monofacial module's cost = =0.84 €/W (5.1)

Which is a very high value, mainly because the considered module has now been out
of production for some time, and the average cost of monofacial PV modules was
higher before the recent years’ price evolution. Using that value in the actual PV
modules’ pricing context would excessively penalize the monofacial module with
respect to the bifacial ones. [76] reports a cost per W of a monofacial module equal to
0.43 $/W.In the last days of June 2023, the dollar-euro conversionis 0.92 €/$ [77], hence:

€ €
Esimated specific monofacial module's cost = 0.43 w* 0.92 3 = 0'40W (5.2)

Although the price of the selected bifacial module couldn’t be retrieved, [78] reports
thatthe specific cost per watt of a bifacial module is, on average, the 11.2 % higher than
the one characterizing a monofacial module. Therefore, the considered specific cost of
a bifacial module is the following:
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Estimated bifacial module's cost
= Estimated monofacial module's cost * (1 + 0.112)

pa e (5.3)
=040 -+ 1112 = 0.45 -

5.1.2. Batteries’ specific cost

[79] Reports a battery storage specific cost equal to 380 $/kWh (data referred to 2022)
for load scale applications. Therefore:

€
Utility — scale battery storage specific cost = 380 $ *0.92—
€ .

5.1.3. Monthly peak power specific cost

The monthly peak power cost in Italy is composed by a fixed base tariff equal to 25.51
€ and an additional 71.04 €/y for every kW we want to add to the power withdrawal
limit [80].

5.1.4. Electric energy cost by time slot

The Italian average electricity cost is determined based on the time slot as follows [81]:

Figure 5.1: Electricity cost by time slot in Italy.

Time slot Price (€/kWh)
F1 0,12402
F2 0,11245
EF3 0,11245

5.2. Costs calculation

5.2.1. PV modules’ cost

The cost of each PV module is computed as follows (the considered monofacial
module’s power is equal to the bifacial module’s one):
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Module's cost

= Module's maximumpower at STC x Module'specific cost (5-5)

Figure 5.2: Considered single modules' cost.

Monofacial 138
Bifacial 155

5.2.2. PV farms’ cost

The calculation of the PV farm’s cost, for each sizing approach, is reported below:

PV farm's cost = Number of modules x Module's cost (5.6)

5.2.2.1. Sizing approach A

The cost of the PV farms obtained by means of sizing approach A is shown below.
Keep in mind that, in the first case, the number of modules was sized in order to allow
for an equal annual energy yield for all the configurations.

Figure 5.3: Total PV farms' cost obtained by means of sizing approach A.

Residential case Industrial case
Monofacial 567 177451
South facing bifacial 504 157502
East facing bifacial 614 192065
West facing bifacial 618 193490

5.2.2.2. Sizing approach B and C

The cost of the PV farms obtained by means of sizing approach B and C is shown
below. Keep in mind that, in this case, the number of modules was equal for all the
configurations.
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Figure 5.4: Total PV farms' cost obtained by means of sizing approach B.

Residential case Industrial case
Monofacial 567 177451
South facing bifacial 637 199311
East facing bifacial 637 199311
West facing bifacial 637 199311

5.2.3. Batteries’ cost

The battery storage’s cost is computed as follows:

Battery storage's cost

= Specific cost x Battery storage's energy's capacity (5.7)

5.2.3.1. Battery sizing approach A
523.1.1. Residential load

Figure 5.5: Total battery storage systems' cost obtained by means of sizing approach A for a
residential load.

2 1466 1352 1441 1588
1.5 2581 2507 2701 2827
1 3878 3804 3997 4123
0.5 5487 5482 5929 6110

5.23.1.2. Industrial load

Figure 5.6: Total battery storage systems' cost obtained by means of sizing approach A for an
industrial load.
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450
425
400
375
350

416299
610744
855406
1114666
1373925

395431
596565
851652
1110911
1370157

366148
584635
842428
1101685
1360947

361666
583697
842956
1102216
1361475

5.2.3.2. Battery sizing approach B

Figure 5.7: Total battery storage systems' cost obtained by means of sizing approach B.

Configuration Residential (€) Industrial (€)
Monofacial 277 431622
South facing bifacial 203 408796
East facing bifacial 266 428378
West facing bifacial 268 429035

While in battery sizing approach A, we can see an advantage in the adoption of vertical
modules, in all the other cases, they are the intermediate or the worst option as far as
the PV farm and battery’s sizing are concerned.

5.2.4. Electricity cost calculation

The electricity cost is composed as follows:

Electricity cost

= Fixed cost of electricity + Specific cost for peak power

* Peak power + Annual F1 electricity withrawal 5.8)
* Flelectricity cost
+ Annual F2 and F3 electricity withdrawal
* F2 and F3 electricity cost

5.24.1. Peak shaving approach A

5.24.1.1. Residential load
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Table 5.1: Annual cost of electricity for a residential load when using peak shaving approach

A

2.5 476 487 476 478
2 490 510 495 496
1.5 500 518 507 509
1 500 516 506 508
0.5 487 496 483 485

As can be easily seen, as the monofacial plant is characterized by a better peak
reduction, the overall cost of the electricity is lower, due to the reduction in the amount
paid for the peak power.

5.24.1.2. Industrial load

Table 5.2: Annual cost of electricity for an industrial load when using peak shaving approach

A.

450 380577 380577 380577 380577
425 380400 380400 380400 380400
400 382364 392331 387348 389476
375 381775 391742 386759 388546
350 380186 390153 385170 387253

The great electricity consumption to replenish very big battery during each night
weighs a lot on the experienced price of electricity.

5.24.2. Peak shaving approach B — perfect forecast approach
5242.1. Residential load
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Table 5.3: Annual cost of electricity for a residential load when using peak shaving approach
A and perfect forecast logic.

5242.2.

5243.1.

) South facing | East facing West facing
Monofacial
bifacial bifacial bifacial
25 523 531 525 527
2 537 559 543 545
1.5 548 563 552 558
1 546 561 554 553
0.5 535 544 529 537

Table 5.4: Annual cost of electricity for an indsutrial load when using peak shaving approach

Industrial load

A and perfect forecast logic.

) South facing | East facing West facing
Monofacial

bifacial bifacial bifacial
450 380577 380577 380577 380577
425 380400 380400 380400 380400
400 392408 404162 399179 401307
375 393606 403573 398590 400377
350 392017 401984 397001 399084

5.24.3. Peak shaving approach B — persistence method approach

Previous day based forecast

Monofacial 303 370590
South facing bifacial 317 348590
East facing bifacial 307 353569
West facing bifacial 309 356798
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5.243.2. Previous week based forecast
Configuration Residential load (€) Industrial load (€)
Monofacial 305 381214
South facing bifacial 319 350324
East facing bifacial 308 355768
West facing bifacial 309 359842

Although the persistence method prediction leads to a higher number of failures, the
average cost of electricity is actually lower because, since the threshold moves from
one day to the next, it’s still possible to have a failure but a low peak power.

Furthermore, the prices show that by recharging the battery during F1 hours, I'm
actually able to reduce the electricity withdrawal in those hours.

We can notice that this kind of charge and discharge strategy benefits the bifacial
alternatives, since the lower battery capacity impacts less on the shaving capability if

it's possible to recharge the battery during the day.

5.24 4. Load shifting

Configuration Residential load (€) Industrial load (€)
Monofacial 316 373765
South facing bifacial 330 342875
East facing bifacial 322 348319
West facing bifacial 325 352573

In each considered case, there’s no evidence that the installation of bifacial vertical
modules can lead to an economic advantage.
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6 Conclusions and future developments

The main purpose of this thesis was to demonstrate the potential of vertical
installations applied to bifacial modules, to enable a battery sizing reduction, and
ensure a better load management when using peak shaving and load shifting
techniques, allowing a higher peak shaving reduction with respect to the traditionally
placed plants, and a higher load shifting from high demanding time slots to less critical
ones.

Firstly, we needed to estimate the power production of the modules placed in
different directions. The monofacial modules’ power could be easily estimated
through the direct power measurements and the few needed meteorological data. The
estimation of the power characterizing the south facing bifacial module was a bit
different, due to the presence of a lower amount of data to rely on. Finally, the power
of the vertical modules was completely estimated based on the meteorological data,
using the model verified by the south facing bifacial module’s power.

After the single module’s annual energy yield estimation, we tried to size the plants
with different techniques:

e Firstly, the monofacial PV farm was sized to cover the average daily
consumption peak. The other plants were sized to ensure the same annual
energy yield.

e Secondarily, the PV farms were sized to have the same number of modules as
the ones calculated before for the monofacial PV farm.

As a result of these two farms’ sizing techniques, we sized the batter storage systems
in two coherent ways:

e  When the first PV farm size was adopted, the battery capacity corresponded to
the minimum amount of energy needed to allow the full peak shaving
throughout the year, multiplied by the correction factors accounting for the
non-idealities of the batteries.

e When the second PV farm size was adopted, the battery capacity corresponded
to the average net load for every configuration, multiplied by the correction
factors accounting for the non-idealities of the batteries.

We then applied two different peak-shaving approaches:

e In a perfect forecast scenario, we set the threshold and we didn’t allow any
recharge of the battery during F1 hours.

e In the scenario relying on the persistence method forecast, we predicted the
minimum threshold to allow the full peak shaving. Subsequently, we simulated
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a scenario in which we tried to limit the electricity withdrawal to that threshold
but allowing the battery recharge in F1 hours this time.

Finally, we applied a load shifting technique to compare the results with the peak
shaving ones:

e Thebatteries, sized as in the second battery sizing logic, were recharged during
F3 hours and simply discharged to avoid electricity withdrawal in F1 hours.

In the end, we carried out an economic analysis to investigate the potential economic
advantages of vertical installations.

The first part of the thesis demonstrated that, despite having a higher energy yield
with respect to the monofacial modules, the vertical installations can’t stand a chance
against the south facing bifacial alternative. However, the objective of our research
wasn’t strictly related to power production. The first farm'’s sizing logic confirms this
aspect, showing that the lowest number of modules to reach a certain annual energy
yield is the one obtained using south facing bifacial modules.

The first peak shaving approach showed some interesting results. When considering
the most critical day of the year, the residential and industrial utilities experience
completely different behaviors. While in the residential case, due to the
unpredictability of the loads, the worst day of the year can be characterized by a very
different demand curve with respect to the average one, the industrial load shows a
much higher predictability and steadiness. Due to this great difference, thefirst battery
storage’s sizing technique showed the potential of verticalinstallation in the industrial
case, thanks to the steadier power production of the vertical modules with respect to
the alternatives. However, the shape of the power consumption curves in the
residential case doesn’t fit with the vertical modules” production curve on the worst
day of the year, leading to a higher battery size needed to achieve full peak shaving.

When weidentify the battery size independently on the chosen threshold, the obtained
capacities are different, and lead to some peculiar results. First of all, the low average
net load of the residential case led to low battery sizes, contrary to the industrial
application, in which the steadier power consumption increases the average net load,
resulting in a higher battery size. Furthermore, it's shown how, when considering the
second battery sizing technique, the calculated capacity is inversely proportional to
the power production of the PV farms. This means that the highest battery size
characterizes the monofacial PV plant, while the lowest is related to the south facing
bifacial PV plant. However, when we consider the same charge and discharge strategy
as in the previous example, the two main factors to achieve a proper peak shaving are
the battery capacity and the power production. Being an intermediate option as far as
both the parameters are concerned, the vertical installations appear to perform worse
than the south facing alternatives.
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| Conclusions and future developments

Finally, when applying a persistence method prediction and allowing the recharge of

the batteries in the F1 hours, no significant difference can be seen with respect to the

previous cases.

Finally, as we expected, the economic analysis showed that no improvement results

from the adoption of vertical installations.

Although the adoption of many different techniques, this research work should be

deepened by applying some changes, as:

Take into consideration a better discretization of the data.

Considering real power measurements for the vertical modules.

Using different battery and PV farms’ sizing techniques.

Adopting more advanced forecasting logics to better predict the minimum
allowable threshold.

Improving the simulations by hypothesizing different charge and discharge
techniques.
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