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ARTICLE INFO ABSTRACT

Keywords: East/West (E/W) vertical bifacial photovoltaic (PV) modules can achieve higher profits than the conventional
Bifacial PV modules North/South (N/S) tilted configuration depending on the design choices and external conditions. In this study
PV modelling a model based on 2D view factor concept is developed to estimate the power generated by a large-scale bifacial

View factor
Solar electricity market
Vertical modules

PV farm, considering the non-uniformity of the incident irradiance and the spectral impact. A validation using
measured data is performed, focusing on the non-uniformity of the rear irradiance. This model is used to
compare the profitability between E/W vertical and N/S tilted PV farm configurations, considering higher
prices during noon with respect to morning/evening periods. The results identify the ratio between these
two price values as the key variable that influences the comparison between the PV farm configurations.
Specifically, a sufficiently high price ratio ensures the higher profitability of E/W vertical modules, however,
the exact value is dependent on the location and the design variables. In general, higher row-to-row distance
and lower diffuse fraction enhance the profitability of the E/W vertical over the N/S tilted configuration. On
the other hand, elevation of the modules, curtailment strategies and hybrid solutions have a minor influence.

1. Introduction

Solar photovoltaic (PV) has seen the most rapid growth in the period
from 2010 to 2022 among the renewable energy sources, reaching a
global cumulative installed capacity of 1047 GW at the end of 2022 [1].
Currently, bifacial PV modules represents 30% of the market share, but
this value will rise up to 70% in the next 10 years according to the
estimations [2]. The peculiarity of bifacial PV modules consists of their
property of absorbing the irradiance on both sides of the PV module.
This can lead to an increase in the generated power up to 30% [3],
which increases the energy density of such technology in comparison
with monofacial case. However, this gain in performance is highly
dependent on the ground type, whose reflecting properties determine
the amount of light incident on the rear surface of the modules [4].
On the other hand, the extra energy provided by the bifacial solar
cells involves some additional investment costs. In the recent years, a
significant decrease in these costs has made bifacial PV a competitive
option in terms of levelized cost of electricity worldwide [5].

Models that are able to predict the power generated by bifacial PV
modules are required to determine the potential and the applicability
of this technology. These can be divided into optical and thermo-
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electrical sub-models. The latter sub-model relies on conventional con-
cepts, widely adopted for monofacial PV modelling. In contrast, the
former sub-model adds complexity due to the presence of rear irradi-
ance, resulting from multiple reflections and generating a non-uniform
incident profile. In the recent years, different optical models have been
developed to estimate the irradiance incident on bifacial PV modules.
Various approaches have been explored for this purpose and they can
be divided into two categories, depending whether they are based on
the concept of view factor or ray-tracing [6]. Inherited by heat transfer
theory, view factor method is widely adopted in the literature due to
the low computational time [7] and it is based on the assumption of
isotropic scattering of the reflected rays [8]. Conversely, ray-tracing
software packages such as RADIANCE [9] are based on individual
sunrays simulations, increasing the accuracy of the results as well as
the simulation time [7]. Irrespective of the approach, there are other
aspects that can be integrated into the models such as non-uniformity of
the rear irradiance [10], spectral impact of the incident radiation [11]
and influence of the mounting structure [12]. However, the integration
of these aspects into current models is often limited when the main
purpose of the studies is to enable fast simulations over multiple
locations and extended time periods.
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Nomenclature

y Limit of the angular sector for cell/ground
view factor

A Wavelength

bpi Bifaciality factor

p Albedo

0 Tilt angle

Ot Optimal tilt angle

a, Ground direct component fraction factor

A, Module’s orientation

A Sun’s azimuth

ag Sun’s altitude

A max Maximum sun’s altitude of the price curve

Ay pin Minimum sun’s altitude of the price curve

iy Sky direct component fraction factor

AOI Angle of incidence with respect to normal
direction

AOI, Angle of incidence in the plane of interest

AOI, Angle of incidence for ground segment

BG Bifaciality gain

c Length of the cell

crr Fill factor coefficient

Clight Speed of light in vacuum

d Row-to-row distance

DHI Diffuse horizontal irradiance

DNI Direct normal irradiance

e Electricity price

EQEj,oy External quantum efficiency of the front
cell

EQE,,,, External quantum efficiency of the rear cell

EY Energy yield

faoraif AOI correction factor for diffuse irradiance

Sfaor1.air AOI correction factor for direct irradiance

faoig AOI correction factor for ground irradiance

fao1m AOI correction factor for module-reflected
irradiance

Fshape Shape factor of the price curve

FF Fill factor

G from Front broadband irradiance

Gnocr NOCT irradiance at STC

Groar Rear broadband irradiance

Ggre Broadband irradiance at STC

Gy Total broadband irradiance

GHI Global horizontal irradiance

GNU Non-uniformity of rear irradiance

h Module’s elevation

h Planck constant

Ropr Optimal module’s elevation

Lyig cire Circumsolar diffuse irradiance

Lyif hor Horizon diffuse irradiance

Laig iso Isotropic diffuse irradiance

Models are often adopted to simulate the performance of large
bifacial PV farms, optimizing design parameters such as tilt, orien-
tation, elevation, and row-to-row distance. Various studies explore
different configurations, including vertically-mounted systems [5,13,
14]. Vertical modules are installed in the East/West (E/W) orien-
tation to exploit morning and evening sun irradiation, exhibiting a

Tt ront Total irradiance incident on cell’s front side

) — Ground-reflected irradiance

Lod Irradiance reflected by the neighbouring
modules

Lyeign Average irradiance incident on neighbour-
ing modules

Lhour Total irradiance incident on cell’s front side

I sTc Short-circuit current of the module at STC

Iy, Sky irradiance

Jse.front Short-circuit current density of cell’s the
front side

Jse.rear Short-circuit current density of cell’s rear
side

Jge Short-circuit current density

k Boltzmann constant

ky, Current temperature coefficient

kVAM Voltage temperature coefficient

/ Length of the module

LCOE Levelized cost of electricity

MM, Mismatch losses

n Ideality factor

N, Number of strings connected in parallel in a
module

N, Number of cells connected in series in a
module

Pax. power Maximum power fraction in case of curtail-
ment

Myert Ratio vertical/total modules in a hybrid
farm

p Atmospheric pressure

Pmax Maximum price of the price curve

Dmin Minimum price of the price curve

P,odule Power generated by a module

) Rated power

DPratio Price ratio of the price curve

q Elementary charge

R Revenues

r Reflectivity of the module

Rain Revenues gain

SVF Sky view factor

SVF, Ground sky view factor

T Ambient temperature

T,onr Temperature of the cell

TinocT INOCT temperature of the module

Tnoct NOCT temperature of the module

VoesTc Open-circuit voltage of the module at STC

V,e Open-circuit voltage

Upe Adimensional voltage

VF._, View factor between cell and ground seg-
ment

VF._ View factor between cell and neighbouring
module

w Width of the module

two-peak power curve with a minimum at noon, unlike conventional
North/South (N/S) orientation of tilted modules that leads to a max-
imum in power production around noon [3]. Despite the generally
lower energy yield of the E/W vertical configuration compared to the
N/S tilted counterpart, this arrangement offers two main advantages
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Identification of the key features required
by a bifacial PV farm model

| Modelling of bifacial PV farm |

| Modelling of dynamic electricity prices ‘

| Experimental validation of the optical PV farm model |

Study the effect of design parameters on the energy
yield for N/S tilted and E/W vertical PV farms

¥

Compare economic revenues between N/S tilted and E/W
vertical PV farms with respect to relevant variables

Fig. 1. Outline of the research.

that increase its appeal in the market. First, the physical mounting
structure allows for versatile integration of the modules in various
applications, such as agrivoltaics [15-25] and noise barriers [26-28],
while reducing the soiling losses [29]. Second, the shape of the power
curve provides several benefits, including improved demand-supply
matching [30,31], reduced storage capacity requirements [32,33], and
mitigation of the duck-curve problem [34]. Additionally, the similarity
between the generated daily power profile and electricity day-ahead
market prices can lead to increased revenues [19]. Specifically, a two-
peak power curve is favoured by scenarios where a substantial price gap
between morning/evening and noon prices is present, as observed when
solar energy constitutes a significant portion of a country’s electricity
mix [35]. Nonetheless, the literature lacks of a complete study that
analyzes the profitability of the vertical modules with respect to the
conventional configuration according to the authors’ knowledge.

The contribution of this work is twofold. First, a model is developed
to estimate the power generated by a bifacial PV farm, enabling large
scale simulations without neglecting key aspects such as non-uniformity
of the rear irradiance and spectral impact. Second, this study quantifies
the profitability of the E/W vertical bifacial PV farm configuration with
respect to the N/S tilted counterpart.

This paper is structured as follows. In Section 2 an overview of the
models adopted in previous studies to simulate the operation of bifacial
modules is outlined. The opto-thermo-electrical and the electricity
market models developed for this analysis are explained in Sections 3
and 4, respectively. Subsequently, Section 5 describes the experimental
validation of the optical model. Lastly, the results are discussed in
Section 6 whereas the conclusions are included in Section 7. Fig. 1
summarizes the structure of the paper, containing the outline of the
research.

2. Literature review on bifacial PV models
2.1. Metrics of bifacial PV

The comparison between different bifacial PV installations is based
on various metrics that consider diverse aspects of this technology
and its operation. The bifaciality property of the solar cells is assessed
using the bifaciality factor (¢p,), namely the ratio between the power
generated by the rear side and by the front side under standard test
conditions (STC). The values usually range from 60% to 90% in com-
mercial applications [8] whereas ¢p; up to 92% and 95% are reported
for Silicon Heterojunction and n-PERT solar cells, respectively [36].
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The surplus of energy generated by bifacial modules with respect to
the monofacial is quantified by the bifacial gain (BG), which depends
on the location as well as the design parameters. Such aspects influence
also the levelized cost of electricity (LCOE), adopted to compare the
cost-effectiveness of different PV technologies [13]. In relation to the
electricity market, the value factor quantifies the ability to capture
higher electricity prices by a power plant, determining the benefits of
the daily power curve shape of various configurations [37].

2.2. View factor vs. ray-tracing

The view factor concept is adopted to estimate the radiation inci-
dent on different surfaces and is defined as shown in Eq. (1) [38]. In
this definition, the view factor between two surfaces, denoted by A, and
A,, is formulated by 6;, 8, and s as the angles with respect to the normal
directions of the two surfaces and their distance, respectively. The
analytical solution of the integral included in Eq. (1) can be obtained
only for limited cases hence numerical methods or approximations are
utilized, including Nusselt unit spheres approach [39], Monte Carlo
simulations [40] and Hottel’s cross string rule [41,42]. This last method
is based on a 2D approximation and it is widely adopted in the field of
PV modelling due to its low computational time achieved by neglect-
ing the edge effects [8], i.e. the increase of the irradiance received
by the modules at the edge of the row due to the presence of less
obstacles. However, the impact of the approximation is limited in case
of large-scale PV farms, for which the infinite rows’ assumption leads
to minimal errors.

F 1 ﬂ cos 0, costdA dA o)
A=Ay = A Maa, ) 144

Ray-tracing consists of the simulation of individual rays’ path to
obtain an illumination mapping through a rendering process. RADI-
ANCE [9] is a widely used open-source software adopted for PV mod-
elling purposes [43] and NREL recently released the version bifa-
cial radiance [44] specifically for bifacial PV applications. It enables
the modelling of 3D complex environments, capturing the edge effects,
the influence of the racking system and the non-uniformity on the
spatial dimension [45], increasing the accuracy in comparison to view
factor techniques. However, such method requires a computational
time up to 10*—10° higher with respect to 2D view factor methods [45].

2.3. Non-uniformity of the rear irradiance

One of the main drawbacks in bifacial PV technology is the non-
uniformity of the irradiance incident on the rear side of the module,
which causes mismatch losses (M M,,,) up to 1.5% on the annual
energy yield [46]. Such non-uniformity arises from multiple causes,
e.g. inconstant field of view of PV cells to the different elements,
alternating shaded/unshaded patterns, presence of the mounting struc-
ture, and heterogeneity of the ground. Various metrics have been
proposed to quantify its magnitude, including GNU, defined as shown
in Eq. (2) [47]. G, and G,,;, refer to the maximum and the minimum
irradiance incident on the front or rear surface of a PV module.

GNU = Znax = Gmin @
Gmax + Gmin

To take into account the effect of the non-uniformity, the spatial
resolution of the irradiance is often increased from module to cell
level in multiple studies. Alternatively, empirical relations to estimate
M M, have been developed by Raina and Sinha [10] based on GNU
obtaining R?> = 98.1% whereas an accuracy up to R> = 0.995 is achieved
by Deline et al. [46], considering the mean standard deviation and the
mean absolute difference of rear irradiance distribution.
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2.4. Spectral influence

Solar cells are spectrally-sensitive devices, hence the power gen-
erated is dependent on the spectrum of the incoming radiation. The
spectrum of ground-reflected irradiance, dominant among the rear
side components, is dependent on the specific ground type, increasing
the complexity of spectral impact in case of bifacial modules [11].
Therefore, several studies recommend to consider the spectral effect
while developing bifacial PV models [11,48-50] since the use of a
constant scalar albedo could lead to relative errors in bifacial gain
calculations up to 19.5% [50]. Even though the spectral impact is often
neglected in the existing bifacial models, different approaches have
been developed to tackle this issue, ranging from using spectral data
to including corrective coefficients [13].

2.5. Classification of optical models

Aiming to select the proper model’s features for the objective of
this research, the optical bifacial models utilized in 47 different studies
spanning from year 2013 to 2022 have been reviewed. Fig. 2 maps the
existing literature based on three key features, namely spectral impact,
non-uniformity of the rear irradiance and geographical scale, with a
distinction between view factor and ray tracing approaches.

2.6. Thermo-electrical models

Depending on the requirements in terms of accuracy and compu-
tational resources, various models are adopted to estimate the cells’
temperature. These include INOCT [51], Sandia [52], Faiman [53],
Janssen [54] models or other alternatives which require a large num-
ber of input parameters and/or intensive computational resources,
e.g. fluid-dynamics model [55]. The same requirements determine
the electrical sub-model, which range from constant efficiency expres-
sions [13] to 2-diode model approximation [56].

2.7. Characteristics of the model developed in this study

Considering the objective of this study, a low computational time
represents the main requirement due to the target global scale analysis,
hence a 2D view factor approach is selected despite its lower accu-
racy. Furthermore, Fig. 2 highlights that the existing literature lacks
a model capable of effectively considering both the non-uniformity of
the rear irradiance and the spectral influence across a large number
of locations. This study endeavors to bridge this gap by introducing
a multi-dimensional matrix approach. For this reason, the software
MATLAB is used to implement the models and perform the simulations
discussed in this paper.

3. Bifacial PV farm model
3.1. Structure of the optical sub-model

The optical sub-model calculates the irradiance incident on the
bifacial PV modules and is based on view factor concept while adopting
the 2D “large-farm” assumption, which entails infinite row length. The
non-uniformity of the irradiance and the spectral impact are consid-
ered by using a four-dimensional matrix as the base unit to perform
annual farm simulation. The first and the second dimensions represent
spatial irradiance distributions along farm rows and modules’ cells,
respectively, whereas the third and fourth refer to the time and sunlight
wavelength. Therefore, high computational performance is achieved by
replacing prolonged iterations with matrices operations. However, this
increases the complexity of the algorithm, involving matrices up to the
sixth dimension and continuous decoupling of sub-problems to avoid
excessive computational heaviness. Additionally, the matrix structure
allows to assign different design parameters for each row, enabling to
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Model developed in this work:
® 2D View factor

Models available in literature:

A View factor & Ray-tracing

® 2D View factor M Ray-tracing
@ 3D View factor ¥ Other

>10 LOCATIONS SPECTRAL IMPACT

A
.
o0 v v
v
o o A
° v

NON-UNIFORMITY OF REAR IRRADIANCE

Fig. 2. Venn diagram of the bifacial PV models available in literature [5,7,8,10,11,13,
26,36,43,46-49,54,57-89].

test unconventional configurations. In summary, using this method the
irradiance is calculated for every wavelength of the spectrum on cell
level while conserving the computational time. The total irradiance
incident on front and rear solar cells is determined by three different
components, discussed in the next subsections: (i) Sky irradiance (Z,),
(ii) Ground-reflected irradiance (Igmu,,d), (iii) Irradiance reflected by
neighbouring modules (7,,,,).

3.2. Irradiance decomposition

Perez Sky Diffuse model [90] is used to decompose the DHI
into circumsolar (14; ¢;..), isotropic (I ;5,) and horizon (1, o) dif-
fuse components. These are used to estimate the direct and diffuse
contribution of the irradiance incident on the PV cells.

3.3. Ground segmentation

The pattern created by the shadows projected by the modules on
the ground is calculated, obtaining a series of unshaded and shaded
segments that depend on the sun’s position and the design parameters.
To estimate the irradiance incident on the ground, its sky view factor
has to be calculated, which is a spatially continuous function hence
requiring a fine ground segmentation. Therefore, the ground sky view
factor (SV'F,) is calculated for each ground segment, whose length
influences the accuracy of the model. The calculation of SV F, is limited
to the angular sectors between the nearest four rows to each segments,
identified by y,,_, and y,;, as shown in Eq. (3) and Fig. 3(a).

o €O (3 1) = CO8(r2)
_ 2i-1) ~ 2
SVF, = 21‘ — 3
i=
whereas SV F, determines the amount of diffuse irradiance reaching a
ground segment, a, quantifies the fraction of direct component and it
is defined as follows, where AOI, indicates the angle of incidence.

0 if segment is shaded @
a. =
& max (0, cos(AO1 g)) if segment is unshaded

3.4. Field of view

To calculate the influence of each of the surrounding elements, the
field of view of each solar cell is determined, namely the 180° view is
divided into angular sectors associated to sky, ground and neighbouring
modules. This is implemented for both front and rear cells and an
example for the latter case is depicted in Fig. 3(d).
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P |
T S s
inactive segments

(©)
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active segments inactive segments

d ds
(d

Fig. 3. Working principle of the optical model: (a) Sky view factor of a ground segment, (b) View factor between a cell and a ground’s segment, (c) active segments for a rear

cell, (d) field of view of a rear cell.
3.5. Sky irradiance

The sky irradiance is calculated according to Eq. (5), where both
direct and diffuse contributions are included.

l_s'ky = asky : fAOI,dir ) (DNI + ldif,circ)
+ SVF - faorair *Laifiso

(5)

Only unshaded cells receive direct irradiance and such condition
is satisfied when the 2D projection of the sunrays angle of incidence
(AOI,,) on the plane of interest is within the sky sector identified in
the field of view of the specific cell. The shaded/unshaded condition
is included through the factor Aypys defined in Eq. (6), where AOI
indicates the angle of incidence with respect to the cells’ normal
direction.

{cos(AOl ) if the cell is unshaded
asky = . . (6)
0 if the cell is shaded

Diffuse sky component depends on the sky view factor (SV F),
which is calculated as shown in Eq. (7), where y, and yy,, define
the sky angular sector identified in the field of view.

cos(ys.ky’l )— COS(Vsky,z)
2

Lastly, f40r.4ir a0d fa0; 4:7 are the AOI correction factors based on
the model of Martin and Ruiz [91]. Whereas the former is determined
by the AOI, for the latter the average between the values of a one-
degree-resolution series of angles within the extremes of the angular
sector is adopted.

SVF =

)

3.6. Ground-reflected irradiance

The contribution to the ground-reflected irradiance is limited to seg-
ments seen by a cell, appointed as “active” in this study, as highlighted
in Fig. 3(c). This status depends on the field of view, i.e. segments are
considered active when they are entirely enclosed in the projection of
the ground angular sector. The ground-reflected irradiance is calculated
according to Eq. (8). f,o;, is the AOI correction factor determined
similarly to the sky direct component whereas p indicates the albedo,
for which both scalar and spectral values are supported. Lastly, Eq. (9)
adopted for the view factor between a solar cell and a ground segment

(V' F,._,) is based on Hottel’s cross string rule, where the nomenclature

refers to Fig. 3(b).

Iground =p Z fAOl,g : VFcag

active
segments

(ag - (DNI +Lyi7 i) + SV Fy - Lyisiso) ()]

VF,._, = BC — AC+ AD - BD
2-c

)]

3.7. Irradiance reflected by neighbouring modules

The irradiance component consisting of neighbouring modules re-
flections is calculated through Eq. (10). This is proportional to the
irradiance incident on such modules, wherein an average spatial value
is considered ({,,,j,4)- V F,_,,, is the view factor between the cell and the
neighbouring module, based on the field of view, similarly to V'F,_,,.
r indicates the reflectivity of the modules whereas f,¢;, is computed
analogously to the sky diffuse irradiance.

Imod =r: VFc—»m ° fAOI,m ) Ineigh (10)
3.8. Thermo-electrical sub-model

The choice of the thermal model to predict cells temperature (7,,;,)
is based on two criteria, namely the availability of data for the analysed
locations and the computational time restrictions. These reasons lead
to adopt the INOCT model [51] to estimate the temperature of the
modules, considering a rack mounted system. Concerning the elec-
trical model, preliminary tests adopting 1-diode approximation have
failed the computational time requirements due to the global-scale
of the analysis hence a fill factor (FF) approximation introduced by
Green [92] is adopted. Egs. (11)—(14) [56] are implemented to estimate
the short-circuit current density (J.) and the open-circuit voltage (V,.)
of every cell, where front and rear sides are modelled as parallel cir-
cuits. Specifically, two different EQE curves are adopted to distinguish
front and rear cells, namely EQE ,,,(4) and EQE,,,(4).

(L4 ky, - (T =25 °C))

h Clight

A
S 1D+ EQE (b an
A1

J

sc, front =
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q o
Jsc,rear = m . (1 + k.lw : (Tcell =25 C)>
ight
A
: A Irear(l) . EQErear(;t) da 12)
1
Jse = sc.front Jsc,rear a3
Vo [Vac,src . nk - (Teoy +273K) ~log< Gror >]
o N, q Gsre

.(1 +ky, (T =25 °C)> (14)

Green approximation is based on the relations (15) and (16) [92],
where the constant ¢, is tuned by minimizing the error with respect to
the 1-diode model. For this study, this value is set equal to 200, limiting
the error in the annual energy yield up to 0.7%. The relatively high
magnitude is caused by the neglect of the cells’ interconnection losses
and the logarithmic nature of the relation.

Uge — log (v, + cff)
Ve + 1
o qVoc
= KT,y +273K)

FF = (15)

(16)

The symbols present in the Egs. (11)-(16) are defined as follows.
Ityom(4) and I,,,.(4) are the spectral irradiance values incident on the
front and the rear side, integrated between the wavelengths 4, and
4. The constants g, h, ¢, k are the elementary charge, the Planck’s
constant, the speed of light in vacuum and the Boltzmann constant,
respectively. k; ~and kj indicate the current and the voltage tem-
perature coefficients whereas N, is the number of cells connected in
series. V,. src is the module’s open-circuit voltage at Standard Test
Conditions. n is the ideality factor, Gg; is the broadband irradiance
at STC and G,,, is the total integrated irradiance.

Lastly, the total power generated by a PV module is obtained
according to Eq. (17), where for every cell the open circuit voltage
(V,.;), the fill factor (FF;) and the area (A,,,) are multiplied to the
minimum current density (J;.;) generated within a string. Moreover,
the effect of bypass diodes is considered by choosing the configuration
that maximizes the power, i.e. excluding from Eq. (17) the string that
generates less current. Once the power of each module is computed, the
values are summed to obtain the total power of the farm and integrated
over the time period to calculate the energy yield.

Neenr
Pmodule = ( 2 Voc,i : FFi ) Acell) : iemNip” Jsc,i a7

i=1

4. Electricity market model

Analysing a few selected European countries, a negative correlation
between electricity prices and sun’s altitude (a,) is observed, i.e. price
values are minimal during noon. Moreover, an increase (in absolute
value) of the correlation has been registered in 2022 with respect to
2018 [35], proving the sensitivity on the PV installed capacity. This
is illustrated in Fig. 4. To enable the simulation of different market
scenarios, electricity prices are modelled depending on a,, creating
an annual price curve for each location. Specifically, five different
parameters are used to determine the shape of the price timeseries:
(i) price ratio (p,,;,), (i) minimum price (p,,,), (iii) minimum sun’s
altitude (ay,,;,), (iv) maximum sun’s altitude (a;,,,,), and (v) shape
factor (fgpqp.)- The resolution of the price curve depends on the a;
input array and the price values oscillate between the minimum “noon
price” (p,,;,) and the maximum “morning/evening price” calculated as
Pmin*Pratio- The transition between these prices is defined by a; ;> @5 ax
and f,,- Specifically, a, values that satisfy the condition a, < a, ,;,
are associated with the maximum price whereas the minimum price
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Fig. 5. Main steps in the modelling of the electricity prices. This example refers to the
period 16-18 June 2022 of the Netherlands.

is assigned to a; values such that a; > a;,,,. Lastly, f,, is an
integer number that determines the presence of intermediate prices
between the maximum and the minimum values since it is defined as
the number of possible values that can be assumed by the price curve,
€.8. fynape = 2 leads to a rectangular curve. Moreover, a seasonal effect
is intrinsic in this method due to the a4, dependence, e.g. higher prices
are obtained during the winter period due to lower average a, values
in the Northern hemisphere. These five parameters are tuned using real
electricity prices of 8 European countries registered between 2018 and
2022, i.e. 16 cases in total. Minimizing RMSE on daily basis, 365 values
Of Pratios Pmins Qs min> @smax 804 fypgp. are found for each case. Definitive
values are obtained through two averaging processes. First, for each
specific case yearly average values are assumed to be representative for
the entire year. Second, average values among the 16 different cases are
calculated to generalize the results on a global scale. Whereas different
values of p,,;, and p,,;, are tested to simulate various market conditions,
Ay mins g max ADA fypg,e are kept constant during this study and their
values are 5.4°, 32.5° and 4, respectively. The process of electricity
prices modelling is summarized in Fig. 5.

5. Experimental work for model validation

The validation of the model is limited to the estimation of the rear
irradiance incident on different positions along the modules length. The
other sub-models have been widely validated in the recent years due to
the use for monofacial modules [7]. This validation has been conducted
in collaboration with the company Kipp & Zonen which has performed
a series of measurements using their setup and sensors. The measure-
ments took place in Delft (52.0°N, 4.4°E) between July and September
2020. The experimental setup comprehends three bifacial PV modules
equipped with six pyranometers on the rear side, as depicted in Fig. 6.
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Fig. 6. Experimental setup provided by the company Kipp & Zonen.

Additional structures and monofacial modules have been placed next to
the bifacial modules to simulate the farm environment. Data gathered
during 12 different days have been selected for this analysis and both
the tilt and the ground type were varied to test the performance
of the model under diverse installation conditions. Front irradiance
has been measured as well in order to quantify the impact of the
rear component deviations on the total value. A 15-min resolution is
adopted to mitigate the slight time misalignment between the sensors
hence a time-averaging process has been performed to match the time
resolution of the different signals, in accordance to the approach of
Marion et al. [7]. Further information concerning the experimental
setup are included in Appendix B.

6. Results and discussion
6.1. Results of the experimental validation

Modelled and measured data are compared by calculating the root
mean square error (RMSE) and the mean bias deviation (MBD), which
amount to 12.65 W/m? (21.69%) and —1.29 W/m? (-2.22%), respec-
tively. These values refer to the overall comparison and are in the
same range of the findings from previous studies based on view factor
models [7]. Moreover, the validation has shown that the model offers
a high accuracy when the combined front and rear irradiance is of
interest while predicting only the rear component is more challenging.
This can be observed in Fig. 7, where the left figure refers to the total
incident irradiance wheres on the right only the rear component is
considered. Additional results are included in the Appendix B.

Further analysis is performed to investigate the conditions and the
parameters that mostly affect the model’s ability to predict the incident
irradiance, as highlighted in Fig. 8. A slight trend with respect to the
hour of the day can be observed, where higher errors are obtained
during morning and evening periods. Three different reasons have
been identified as possible causes for this behaviour. First, the non-
representativeness of the limited system’s size with respect to a large
PV farm leads to more evident consequences at lower solar angles. Sec-
ond, the different light’s transmission properties of the wooden panels
present in the setup could affect more the rear irradiance during lower
sun’s altitudes. Third, partial shading and extra-reflections caused by
the surrounding environment occur during morning and evening pe-
riods, influencing the measurements. On the other hand, an evident
trend concerns the tilt values, i.e. high tilts lead to an overestimation of
the irradiance whereas an underestimation is registered in case of low
tilts. In general, it is observed that higher tilt values also cause larger
errors on the estimation. Such behaviour can be explained by taking
into account the limitations of the view factor approach, which assumes
a diffuse reflection of the incident light. Therefore, the largest errors
occur in case of higher tilts, for which a larger portion of unshaded
ground is visible by the rear cells, hinting that the hypothesis of diffuse
surfaces is inadequate for these ground segments. Such statement is
also backed up by observing that larger errors occur at the edge of the
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modules, which have a wider view towards unshaded ground during
clear sky conditions. Conversely, no clear trend is found with respect
to the albedo, probably due to the lack of variety of measurements with
respect to such feature. Lastly, the error in the estimation of GNU is
also investigated, resulting in underestimation of the non-uniformity
for high tilt values and overestimation in case of low tilt values.

6.2. Input data

102 locations are selected for this study and their hourly data
for a duration of one year are downloaded from the software Me-
teonorm [93]. These include broadband Direct Normal Irradiance
(DNI) and Diffuse Horizontal Irradiance (DHI), sun’s altitude (a,)
and azimuth (4,), pressure (p) and ambient temperature (7,,,). Such
variables allow the calculation of the Global Horizontal Irradiance
(GHI) and the diffuse fraction, defined as the ratio between DHI
and GH I. These locations are highlighted in Fig. 9 along with the cor-
responding G H I-weighted average of diffuse fraction, assumed to be
representative for the whole year. This is appointed as diffuse fraction
in this analysis, unless otherwise specified. Spectral DNI and DHI
curves are reconstructed from the broadband values using normalized
irradiance-weighted average spectrum for both components [94], en-
abling the decoupling between spectral and temporal dimensions hence
reducing the computational time. Light soil is adopted as ground type
for the simulations, whose albedo spectral curve is obtained through the
software SMARTS [95], assumed to be constant in time. Two different
EQE curves for the front and rear sides of the modules are taken
from the work of Carolus et al. [96]. Therefore, ¢p; is calculated as
shown in Eq. (18) [36] and it is equal to 65.37% in this case. Detailed
specifications of the modules considered in this work are included
in Appendix C. Lastly, ground segments length is set to 0.2 m in order to
limit the error to 0.15% on the annual energy yield caused by segments

resolution.
A
¢ _ Jsc,rear _ //112 . ISTC(i) : EQErea,.(}.)
Bi = =

a4
. - he (18)
sc, front -/A.lz % . ISTC(A) . EQEfmn,(l)

6.3. PV farm configurations

As introduced in Section 1, the performance of two different farm
configurations are compared in this study, namely N/S tilted and E/W
vertical modules. Specifically, the tilt of the former configuration is
chosen by maximizing the annual energy yield for each location and
it is appointed as optimal tilt (6,,,). As expected, unlike monofacial PV
modules, obtained 6, is highly sensitive on the installation conditions.
In general, 6,, is directly proportional to the row-to-row distance (d)
whereas an opposite trend is obtained for the elevation of the modules
(h). For simplicity, the optimal tilt values adopted for this study refer to
the condition d =3 m and 4 = 1.5 m because the impact of the design
parameters decreases above these values.

6.4. Effect of design parameters on the energy yield

The impact of the design parameters differs depending on the farm
configurations. This is observed by analysing the derivative of the
energy yield with respect to row-to-row distance ("I)E—dy) and modules
height (’f—hy), which are expressed as percentage of increase in the
energy yield value for an increment of distance/height by 1 m.

Fig. 10 shows that % is always positive for both cases and the
decreasing trend implies a saturation behaviour, i.e. an increase of
d leads to limited improvements in terms of energy yield after a
certain limit. However, higher values of % are registered for the
vertical configuration, meaning that 4 has more impact in case a
vertical PV farm is considered. Even though it cannot be detected from

Fig. 10, such results are sensitive to 4 as well, highlighting a strong
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inter-dependence between these design parameters. Specifically, %

is directly proportional to 4 hence the benefits of larger d values are
greater in case of high module elevation. These general trends are
valid for all the locations investigated in this study. However, the exact
magnitude of the derivative is location dependent and no correlation
with respect to the diffuse fraction is found.

an_hy is analysed in Fig. 11, where a saturation behaviour similar to
the previous case can be detected for both configurations. In contrast to
the distance’s influence, negative values of "f—hy are registered after a
certain h value in this case, highlighting the presence of an optimal
height (h,,) that maximizes the energy yield. Once such value is
reached, a further increase in 4 leads to minimal penalization in the

energy yield hence the optimal height can be appointed as a saturation

Table 1
Influence of d and h: whether high, low or optimal values are beneficial for the energy
yield concerning different aspect.

Ground sky Unshaded Mutual shading GNU
view factor ground fraction
Distance High High High High
Height Low High No influence Optimal

limit as well. Moreover, h,, depends not only on the farm configu-
ration but also on the row-to-row distance and the specific location.
In general, higher values of 4, are obtained for tilted modules with
respect to the vertical counterpart. Moreover, in the tilted case #,,, is
proportional to d value whereas such trend is not evident for vertical
modules.

In summary, increasing the row-to-row distance of a bifacial PV
farm is beneficial for the energy yield irrespective of the configuration
whereas an optimal height value that maximizes the energy yield
can be calculated depending on the location and the other design
parameters. This is a combined result of the influence of d and » on
individual aspects that affect the energy yield calculation, including
sky view factor of the ground segments, unshaded ground fraction,
mutual shading and non-uniformity of rear irradiance. Such relations
are outlined in Table 1.

6.5. Economic potential of E/W vertical configuration

The profitability of E/W vertical with respect to N/S tilted configu-
ration is studied in relation to six different variables:

(1) Max power fraction (., yower)» Which models a possible cur-
tailment strategy and it is defined as the ratio between the
maximum power allowed and the nominal power of the power
plant.

(2) Ratio vertical/total modules (n,,,), which considers the possi-
bility of “hybrid” PV farms where part of the modules are E/W
vertical whereas the remaining are N/S tilted. It is expressed as
the ratio between the number of vertical modules among the
total.

(3) Row-to-row distance (d)

(4) Elevation of the modules (k)

(5) Minimum noon price (p,,;,)

(6) Price ratio (p,,)

The economic potential of vertical modules is quantified by the
revenue gain (R,,,) while adopting the E/W vertical configuration
instead of the N/S tilted counterpart, as shown in Eq. (19). Specifically,
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a positive R,,;, indicates that the E/W vertical is more profitable than
the N/S tilted configuration under the specified conditions.

Ryew configuration — Roptimal tilt

R =

gain

- 100% (19)
Roptimal tilt

A preliminary assessment of the economic potential of the vertical
configuration is performed by identifying the combination of n,,,, ,ouer
and n,,,, that achieve a positive revenue gain (R,,;, > 0). The results
are visualized through contour plots, as illustrated in Fig. 12, which
reports the examples of Utrecht and Madrid. The main focus of these
graphs is to study the presence of “gain regions”, i.e. areas in the graph
where the condition R,,;, > 0 is satisfied. Specifically, the enlargement
of the gain regions when d and p,,,;, are increased can be detected,
proving the high sensitivity of E/W vertical modules profitability on
these parameters. Overall, in the conditions shown in these examples
vertical or hybrid PV farms appear to be favourable only in case a
LOoW 7,4y power 1S considered, which is not realistic due to the excessive
energy curtailed.

To extend the analysis on a global perspective, the focus is shifted to
the following question: What is the minimum price ratio (p,;,) required to
achieve higher revenues using E/W vertical instead of N/S tilted PV modules
(Rypin > 0)? This p,,y, value is studied for the different locations
worldwide with respect to the following variables: n
h and p,,;,.

The curtailment strategy, expressed through 7, ,owers
ence on the minimum price ratio only for values n

max,power? nuert’ d’

has an influ-
< 0.7, which

max,power

entails significant power losses. Similarly, hybrid PV farms, described
by n,,,, are found to be beneficial only in case of a heavy curtailment
strategy (Mg power < 0-7) is applied. Otherwise, either farms character-
ized by n,,,, = 0 or n,,,,.,; depending on market conditions and design
parameters have to be preferred.

The same trend between the energy yield and the design parameters
d and h is observed for the revenues, namely the highest revenues are
obtained for larger d and optimal h values. Specifically, the influence
of p,uio and p,,;, is found to be minimal, i.e. less relevant than the inter-
dependence of the design parameters. The sensitivity of the minimum
Prario to achieve the condition R,,;, > 0 is depicted in Fig. 13 through
global maps, where the green colour indicates the regions where the
profitability of the vertical configuration is higher. It is observed that
larger d values increase the number of locations where E/W vertical
modules are more profitable than N/S tilted configuration, proving the
higher sensitivity on d of vertical installations. On the other hand, small
h values seem to be beneficial for the profitability of the E/W vertical
configuration, since lower A,, and minor impact of 4 on the energy
yield are observed for the vertical case. In general, the impact of & is
limited with respect to d concerning the comparison between the two
configurations. Even though the spatial diversification of the results
highlighted in Fig. 13 suggests that the profitability of vertical modules
is strictly dependent on the local climate, a slight trend can be recog-
nized with the diffuse fraction. Specifically, a correlation analysis has
highlighted that the locations characterized by a low diffuse fraction
are favourable for E/W vertical configuration, resulting in higher values
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of R,,;,- Such correlation increases (in absolute value) up to —0.7 when With the exception of negative values, for which vertical configu-

only morning/evening hours are considered. rations are always preferable, does not affect the values of R

Pmin gain®

10



M. Baricchio et al.

Table 2
Influence of different variables on the minimum p,,;, required to satisfy the condition
Ry > 0.

gain

Variable Influence

i powwer The influence is significant only in case of oW 7., s Values,
which are not considered relevant for large-scale PV farms.

Hyers Hybrid PV farms are favourable only in case of 10W 7., ,pers
hence they are not relevant for this study.

d Large d values increase the profitability of the vertical
configuration over the tilted modules.

h h values have a limited impact on the revenues, but lower
values increase the profitability of vertical modules with respect
to the tilted counterpart.

Prin Only the sign of the minimum price is relevant to decide the

optimal configuration and vertical modules are always preferred
in case of a negative p,,;,.

This is caused by R,,;, definition since it is expressed in relative terms,
as demonstrated in Appendix D. Lastly, Table 2 summarizes the results
outlined in the previous paragraphs.

7. Conclusions and future work

The aim of this study was to investigate the potential of E/W
vertical bifacial PV farms in terms of market revenues. Specifically,
this configuration has been compared with the conventional N/8S tilted
counterpart and the analysis has been extended to a global scale. This
has been achieved through the development of a bifacial PV farm
model. This model has been validated using experimental data of the
spatial irradiance incident on the rear side of the modules. MBD and
RMSE between modelled and measured data amount to —1.29 W/m?
(-2.22%) and 12.65 W/m? (21.69%), respectively. Specifically, it has
been observed that the design parameter that mostly affect the ability to
predict the irradiance is the tilt and the error increases as the amount of
unshaded ground seen by the specific cell increases, namely for high tilt
values and at the edges of the modules. These results have confirmed
the limitations of the view factor theory, which assumes all surfaces to
be diffuse emitters.

Various market scenarios and installation conditions have been
tested to determine their influence in the choice of the optimal config-
uration in terms of market revenues. The following conclusions have
been drawn:

(1) The profitability of E/W vertical over the N/S tilted configu-

ration is dependent on the design parameters, the curtailment

strategy, the fraction of vertical modules in case of hybrid farms,
the electricity market conditions and the specific location of the

PV farm.

The influence of the curtailment strategy is limited to the cases

when the maximum power allowed is lower than 70% of the

nominal power (n, <0.7).

Hybrid PV farms which combine both configurations are ben-

eficial only in case of heavy curtailment strategies, namely

max.power < 0.7, otherwise either completely vertical or en-
tirely tilted farms have to be preferred depending on the other
parameters.

(4) Assuming an electricity price curve with a minimum around
noon, the only market variable that affects the choice of the
optimal configuration is the ratio between morning/evening
and noon price. Therefore, the magnitude of the prices is not
relevant in such decision whereas a minimum price ratio that
guarantees higher profitability for vertical over tilted modules
can be identified depending on the specific location and the
other parameters.

@

max,power

3

=

n
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(5) Larger row-to-row distance values increase the energy yield
and the revenues of both vertical and tilted PV farms up to
a saturation value. However, the impact of this parameter is
higher for the former case hence an increase in the row-to-row
distance fosters the profitability of E/W vertical over N/S tilted
configurations.

An optimal height that maximizes the energy yield for the ver-
tical configuration depends on the specific location as well as
the row-to-row distance. However, its impact on the decision
of the optimal configuration is less relevant than the design
parameters.

There is a negative correlation between the revenue gain of
vertical over tilted PV farms and the GHI-weighted average
diffuse fraction of the locations. Therefore, vertical PV farms are
favourable in locations characterized by a low diffuse fraction
during morning and evening hours.

(6)

)

The exhaustiveness of this work is constrained by the computa-
tional resources and data available, preventing further investigation
on the topic. The following guidelines aim to outline possible research
pathways concerning this field.

(1) Time dependent albedo values could be adopted to further in-
crease the reliability of the analysis, although the conclusions of
the paper are not expected be impacted significantly.

Even though the main limitations are intrinsic to the view factor
concept, the use of corrective coefficients to include the effect of
the mounting structure could be considered, in order to increase
the accuracy of the rear irradiance estimation.

To further improve the computational speed of the algorithm,
the necessity of extending the dimensions of problem to consider
effects like non-uniformity of the irradiance could be replaced
by empirical coefficients. Their dependence on design and me-
teorological parameters could be investigated through machine
learning techniques.

Coupling with storage technologies should be considered to
provide a wide overview of the profitability of E/W vertical
configuration.

@
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Appendix A. Additional equations for bifacial PV farm model

A.1. PV modules’ shadows

Egs. (20)-(22) are adopted to calculate the shadow of the modules
on the ground, referring to Fig. 14.

I .
_ h— 3 511'1(0) i

v = tan(@y) ) cos(0) (20)
h+Lsin@)
Y = W + 5 COS(Q) (21)
_ 0 tan(ay) ©22)
¢, = max [ ,arctan <m>]
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Fig. 15. View factor between a cell and the neighbouring module.

A.2. View factor between PV cell and ground segment

The expression (23)-(26) are used to calculate the length of the
segments included in Eq. (9), referring to Fig. 3(b).

Ac=¢m+u—%nmmkuﬁ—@—énmm2 (23)
AD:¢M+@—%MMP+%—Q—%N%®Z 24)
BC=\/(h+(x—é+c)sin6‘)2+(y1—(x—%+c)cos€)2 (25)
BD:¢m+u—é+ogwﬂ+@r4x—é+owwﬂ (26)

A.3. View factor between PV cells and neighbouring modules

The view factor between PV cells and neighbouring modules
(V'F,_,,) are calculated according to the expression (27), where the
segments are obtained from the coordinates included in the Egs. (28)—
(31), as illustrated in Fig. 15. Taking into account the possibility
of unconventional configurations adds complexity to these equations.
Specifically, symbols &, and &, indicate the angles between the lines
that connect the extremes of the cell and the neighbouring modules
and the vertical direction.

_ BC+AD— AC - BC

VFcam - 2 .c (27)
l
X, = (x—3)-cos(6))
a 27 F (28)
Vo=h +(x- 5) - sin(6,);
l
X, =(x—5+4c)-cos(d))
2 , . . (29)
yp=h +(x— 3+ c) - sin(f,);
_ —lan(.’;l—%)-xu+yu+tan(62)<d2—h3
¢ tan(é}z)—tan(fl—%) (30)
v, =tan(0;) - (x, — d,) + hy
_ —tan(&—F)xp+ypttan(@3)-dy—h3
Xdg = tan(63)—tan(&— 5 ) (31)
yg =tan(6s) - (xg —dy) + hy

12

Solar Energy 272 (2024) 112457

Table 3

Design parameters used for the validation.
Design parameter Value
Length 2.14 m
Orientation 187 °N
Height (from the bottom extreme) 0.5 m

Row-to-row distance 43m-48m-5m

Table 4
Time periods selected for the model’s validation and the correspondent installation
conditions.

Time period Weather Ground type Albedo Tilt
28-7-2020 15.30-18.15 Cloudy White fleece 0.53 30°
29-7-2020 10.00-18.00 Cloudy White fleece 0.53 30°
30-7-2020 11.00-18.00 Sunny White fleece 0.53 30°
31-7-2020 11.30-15.30 Sunny Artificial grass 0.13 30°
1-8-2020 10.00-18.00 Cloudy Stones 0.19 30°
2-8-2020 10.00-18.00 Sunny Stones 0.19 30°
3-8-2020 10.00-18.00 Rainy Stones 0.15 30°
4-8-2020 10.00-18.00 Sunny Stones 0.19 45°
1-9-2020 14.00-18.00 Cloudy White fleece (wet) 0.50 52°
6-9-2020 9.00-19.00 N.A. White fleece (wet) 0.45 52°
7-9-2020 12.30-19.00 Cloudy White fleece (wet) 0.50 52°
13-9-2020 9.00-19.00 Sunny Stones 0.18 52°

A.4. Temperature of PV cells: INOCT model

Egs. (32)-(36) [51,56] are used to estimate the cells temperature
using INOCT model, where rack mounting installations are considered.

Tivocr =Tnocr =3 (32)
G o
Teert = Tomp + G 2 (Tynocr — 20 °C) (33)
NOCT
4
Gfront = A [Ifrant,sky(;t)
1
+lfront,graund(’l) + ]front,mod ('1)] di (34)
A2
Grear = / [Irear,sky(’l)
A
+Irear,ground u') + Irear,mod(}‘)] di (35)
Gtot = Gfram + Greur (36)

Appendix B. Experimental validation: additional data

Tables 3, 4, 5 include the installation conditions and the detailed
results of the validation process. Table 6 contains the information
concerning the sensors adopted during the experimental validation.

Appendix C. Specification of the modules

Table 7 summarizes the specifications of the modules adopted for
the simulations.

Appendix D. Influence of p,,;, on the profitability of e/w vertical
over n/s tilted configuration

The minimum price influences the revenues gain in absolute terms
but has no impact when relative metrics are adopted, as explained
through an example. Let us consider two different electricity price
curves e, (1) and e,(r) modelled as described in Section 4. Suppose that
are characterized by the same price ratio (p,4;o1 = Prario2) but two
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Table 5
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Validation results: RMSE and MBD between modelled and measured data for the selected days.

Day Unit Sensor 1 (bottom) Sensor 2 Sensor 3 Sensor 4 Sensor 5 Sensor 6 (top)
RMSE MBD RMSE MBD RMSE MBD RMSE MBD RMSE MBD RMSE MBD
28-7-2020 [W/m?] 5.99 -5.43 8.93 -8.17 9.13 -8.24 6.51 —4.98 4.53 -1.78 4.28 1.14
[%] 9.07 -8.21 14.76 -13.51 15.04 -13.56 10.31 -7.90 6.89 -2.70 6.19 1.64
29-7-2020 [W/m?] 12.04 -4.15 17.22 -13.43 18.02 -15.12 16.29 -12.60 13.94 -9.04 13.44 —6.02
[%] 11.28 -3.89 18.60 -14.51 20.10 -16.87 17.42 -13.47 13.96 -9.06 12.39 —5.55
30-7-2020 [W/m?] 11.99 -7.68 25.28 -23.89 26.56 —25.64 25.77 -24.77 22.44 -21.38 21.84 —20.48
[%] 7.60 —-4.87 20.69 —-19.54 24.83 -23.97 23.93 —-23.00 19.24 -18.33 16.41 -15.39
31-7-2020 [W/m?] 8.62 8.47 0.94 0.44 4.85 —4.83 6.39 -6.37 6.30 -6.29 5.56 —5.54
[%] 22.83 22.42 3.07 1.43 15.74 -15.66 19.15 -19.11 16.73 -16.69 12.87 -12.83
1-8-2020 [W/m?] 4.61 -1.98 4.35 -2.21 4.46 -2.86 4.63 -2.25 4.41 -1.21 4.99 0.78
[%] 12.78 -5.48 14.82 —-7.54 15.51 -9.95 15.11 -7.34 13.29 -3.65 14.04 2.20
2-8-2020 [W/m?] 6.96 -1.71 5.76 —-2.28 5.70 -3.02 6.04 —2.22 5.91 -1.02 6.71 0.97
[%] 13.79 -3.39 14.56 —5.78 15.14 -8.03 15.20 —5.59 13.57 -2.34 14.02 2.02
3-8-2020 [W/m?] 2.02 0.42 1.78 —-0.08 2.17 —-0.65 271 —-0.01 3.25 0.81 4.44 2.44
[%] 16.36 3.37 15.42 —0.74 17.55 -5.30 20.52 -0.09 23.32 5.80 31.59 17.36
4-8-2020 [W/m?] 5.08 -3.80 4.61 -3.50 5.98 —4.81 5.53 -3.90 4.99 -2.26 5.45 2.87
[%] 8.06 —6.04 9.00 —6.83 11.88 -9.56 10.37 -7.30 8.69 -3.94 9.32 4.92
1-9-2020 [W/m?] 11.13 -10.77 9.31 -8.86 8.90 —-8.43 6.57 -5.91 3.91 -2.34 5.93 4.38
[%] 25.98 -25.13 22.22 -21.16 20.74 -19.65 15.44 -13.88 9.64 -5.78 16.75 12.37
6-9-2020 [W/m?] 21.03 -1.38 16.65 0.70 14.81 3.52 16.52 8.29 20.21 14.35 28.32 23.93
[%] 24.47 -1.60 23.26 0.97 23.19 5.51 27.27 13.69 34.98 24.83 54.27 45.87
7-9-2020 [W/m?] 9.61 -6.09 8.23 -3.22 7.97 0.45 10.34 5.88 16.36 13.91 27.02 24.90
[%] 7.87 —4.98 8.25 -3.22 9.16 0.51 12.71 7.23 21.40 18.19 38.68 35.66
13-9-2020 [W/m?] 5.22 4.07 6.67 5.86 6.24 5.39 7.67 6.85 9.88 9.11 17.96 16.85
[%] 11.75 9.16 17.52 15.37 16.75 14.47 20.23 18.08 25.65 23.64 52.24 49.01
Table 6 farm during the time period [#,,1,].
Sensors adopted for the measurements. .
2
Kipp&Zonen sensor Variable measured Classification R Ru,l - R;,] RU,] /tl el(t)P u(t)d t | (38)
I1SO 9060:2018 gainl = T p = T T Ty o
R, R, 12 ey (B dt
SP Lite2 Rear irradiance at different positions Class C :2
RaZON+ DNI, DHI, GHI Class C R R,,—R, Ry, ftl e (NP, (t)dt | 39
gain2 = = —1== -
R;» R;» /,]2 e,(1)P,(t)dt
Table 7

PV module specifications adopted in this study, based on the product LG400N2T-A5.

Parameter Value

Dimensions of the module (w-1) 2.064 x 1.024 m
Cells configuration 6 x 12
Bypass diodes 3

Cell’s length (c) 0.1707 m
Rated power (P,,.,) 440 Wp
Short-circuit current (I, ¢r¢) 1124 A
Open-circuit voltage V,, sr¢ 49.7 V
Series-connected cells (N,) 72

Parallel-connected cells (N,) 1

NOCT Temperature (Tyocr) 45 °C
Temperature coefficient for I, (k; ) 0.03%/C
Temperature coefficient for V, (k, ) -0.27%/C

Ideality factor (n) 2
Reflectivity (r) 10%

different (positive) minimum noon prices (p,;,; # Ppina)- Accord-
ing to their definition, the relation between e,(r) and e,(f) expressed
in Eq. (37) is valid.

'min,1

e ()= p_

min,2

“ey(1) 37

The revenues of the vertical and the tilted configuration obtained
for the market conditions described by e,(¢) are indicated with R,
and R,,. Similarly, R,, and R,, refer to e,(t) electricity price curve.
The revenue gain can be obtained as shown in Egs. (38) and (39),
where P, (r) and P,(r) are the power curves of the vertical and tilted
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Therefore, combining the relations (37)—(39), the condition illus-
trated in Eq. (40) is derived, proving the validity of the statement
concerning the impact of p,,;, on the results.

[ el )P, (0)dt
Rgain,l = ,2— -1
[} el OBt

S22t - eyto)] oo

Pmin,2

ftz Pmin,1
I

Pmin2

-1

. ez(t)] P()dt

- [ ey (P

_ Dhin2

- Pmi t B
%g~ 1} eaP (0t

[ )P, (n)dt
e P

1

(40)

= gain,2
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