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ABSTRACT

Solar photovoltaic (PV) has seen the most rapid growth among the renewable energy
sources in the last decade. The market share of bifacial PV modules is expected to rise
up to 70% in 2033. Such technology enables different farm configurations; however,
it introduces complexities during the modeling phase, particularly concerning the es-
timation of incident irradiance on the rear side of the modules. The aim of this the-
sis is to investigate the potential of E/W vertical bifacial PV farms, in terms of market
revenues, with respect to N/S tilted counterparts. A bifacial PV model is developed to
estimate the power generated by a large-scale farm. This is based on the view factor
concept and a 2D assumption is adopted to enable fast simulations. Such model takes
into account the non-uniformity of the incident irradiance as well as the spectral im-
pact. A multi-dimensional matrix approach is implemented to minimize the computa-
tional time while performing the calculations for individual cells and wavelength values.
The model is validated in collaboration with the company KIPP&ZONEN, focusing on
the broadband rear irradiance and its non-uniformity. Overall, the model shows suffi-
cient agreement with the measured data, namely a mean bias deviation of −1.29W /m2

(−2.22%) and a RMSE of 12.65W /m2 (21.69%) are obtained. The validation highlights
larger errors in case of higher tilt values, especially during the clear days and at the
edge of the modules. Specifically, the error is proportional to the amount of unshaded
ground seen by a cell, in alignment with the limitations of the view factor concept. The
profitability of vertical modules is studied in relation with various variables, including
design parameters, market conditions, curtailment strategies and hybrid vertical/tilted
configurations. A global scale is achieved by extending the simulation to 102 locations
worldwide. To calculate the revenues of the PV farms, electricity price curves are mod-
elled considering lower noon prices, hence different market conditions are identified by
the minimum price and the ratio between morning/evening and noon prices. Whether
vertical or tilted configuration is favourable in terms of market revenues is not depen-
dent on the curtailment strategy unless the maximum power is limited to 70% of the
nominal value. Combining vertical and tilted modules within a PV farm is found to be
advantageous only in case heavy curtailment is applied. Among the design parameters,
the row-to-row distance has a higher impact on the market revenues with respect to the
modules’ elevation. Specifically, larger distances are favourable for both configurations
even though such benefit is more evident for vertical modules whereas optimal height
values can be identified. A minimum ratio between morning/evening and noon prices
is calculated, which represents the lower limit for the higher profitability of E/W vertical
modules with respect to the N/S tilted case. Such value is dependent on the specific lo-
cation and the design parameters. The locations characterized by a low diffuse fraction
are recommended to implement vertical PV farms.
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1
INTRODUCTION

1.1. BACKGROUND AND MOTIVATION
Energy transition is required in the coming years to avoid the drastic consequences of
climate change on our society. This involves a radical transformation of the current en-
ergy system based on the decarbonization of the energy supply, increasing the share of
renewbales in the electricity generation. Among the renewables energy sources, solar
photovoltaic (PV) has seen the most rapid growth in the period from 2010 to 2022, reach-
ing a global cumulative installed capacity of 1047GW at the end of 2022 [1].

Currently, bifacial solar cells represents 65% of the PV market and this share is ex-
pected to rise up to 90% in 2033 [2]. This values decreases if PV modules are considered,
since bifacial solar cells can be integrated in monofacial modules as well. Therefore,
nowadays bifacial PV modules represent only 30% of the market share, but this value
will rise up to 70% in the next 10 years according to the estimations [2]. These market
trends are summarized in figure 1.1. The peculiarity of bifacial PV modules consists in
their property of absorbing the irradiance incident on both the front and the rear side.
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. On the other
hand, the extra energy provided by the bifacial solar cells involves some additional in-
vestment costs. In the recent years, a significant decrease in these costs made bifacial PV
competitive in terms of levellized cost of energy worldwide [4].

Models that are able to predict the power generated by bifacial PV modules are re-
quired to determine the potential and the applicability of this technology. First, optical
models are used to determine the radiation that reaches the solar cells. Then, thermo-
electrical models are used to translate the irradiance into electrical power. The sur-
plus of irradiance incident on bifacial modules adds complexity in their optical mod-
elling in comparison with monofacial counterpart. On the other hand, the thermo-
electrical model follows the same principles in both cases. Besides the front irradiance,

1
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Figure 1.1: Market share of bifacial PV cells and modules [2]

the rear component has to be estimated in order to guarantee an accurate prediction
of the power generated by the module. However, the surrounding environment has a
higher impact on the rear than the front component of irradiance. Therefore, many ef-
fects such as the light reflection of the ground or the shadows due to the mounting struc-
ture should be taken into account to obtain an accurate model for the rear irradiance. In
the recent years, different models have been developed to estimate the irradiance inci-
dent 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. The former notion is inherited from heat transfer
theory and it widely used in the literature due to the low computational time required
for the simulations [5]. This is based on the assumption of isotropic scattering of the
reflected rays [6]. On the other hand, ray-tracing software like RADIANCE [7] are based
on individual sunrays simulations, considering their interaction, i.e. absorption, reflec-
tion or transmittance, with every surface [6]. However, in the latter case the increase in
precision causes a significant raise in the computational time needed for the simulation
[5]. Once decided the main approach, there are other aspects that can be integrated in
the models depending on the level of accuracy required. For instance, these include the
non-uniformity of the rear irradiance [8], the spectral impact of the incident radiation
[9] or the influence of the mounting structure [10]. Usually, such aspects are intrinsic
to ray-tracing models whereas they can be considered or neglected in the models based
on view factor, depending on the purpose of the study. Therefore, it can be concluded
that there are many features which determine the accuracy of bifacial PV models. Due
to the trade-off between higher precision and low computational time, the choice of the
main approach and whether integrating or neglecting each of mentioned aspects have a
significant impact on the final outcome, and they should depend on the objective of the
study.

Bifacial PV models are used to predict the power generated by individual bifacial so-
lar cells as well as large-scale power plants. In the latter case, simulations are performed
to find the optimal configuration of the farm in terms of modules’ tilt, orientation or
other design parameters. Various studies have analyzed different configurations to un-
derstand the full potential of bifacial PV technology on farm level. These include tilted
fixed systems, single-axis and dual-axis tracking systems [4]. The tracking systems en-
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Figure 1.2: Comparison of typical power curves for different bifacial PV configuration [3]. The acronyms S/N,
B/T, E/W refer to North/South tilted, East/West vertical and Bottom/Top horizontal configurations.

able an increase of the power produced without affecting the shape of the noon-peak
power curve. Moreover, vertical bifacial PV systems are considered as well [11]. These
are mounted on the East/West (E/W) orientation to exploit the sun’s irradiation during
morning and evening in contrast to the conventional North/South (N/S) orientation.
Therefore, such configuration is characterized by a two-peaks power curve and a mini-
mum during noon [3]. This is illustrated in the figure 1.2.

Even though the energy yield of E/W vertical configuration is generally lower than
the N/S tilted counterpart, there are two main advantages that make such configura-
tion appealing to the market. The first one is related to the physical mounting structure
which enables the integration of vertical modules in different applications. Concern-
ing the field of Agrivoltaics, the reduced space occupied by the modules increases the
land productivity of the crops [12], [13]. Another application consists in the use of the
vertical modules as noise barriers, e.g. close to highways [14]. Moreover, soiling losses
decrease due to the lower chance of soil accumulation on a vertical structure, increas-
ing the performance of the system. The second advantage is related to the shape of the
power curve produced by this configuration. Such profile could be beneficial in terms
of demand-supply matching in case of a load curve characterized by a morning and an
evening peak, as happens in the residential sector [15]. This matching would reduce the
amount of storage required to guarantee the electricity supply [16], decreasing the total
cost of the system. On a larger scale, bifacial vertical configuration improves the stability
of the power system by reducing the effect known as duck-curve problem [17]. Finally,
vertical bifacial PV could guarantee higher economic revenues than conventional con-
figurations in case the electricity prices are characterized by lower values around noon
than the rest of the day. Such condition is usually observed during sunny days when the
penetration of PV in the electricity mix of a country becomes relevant. An example of
Dutch electricity market is provided in figure 1.3.
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Figure 1.3: Example of electricity prices in the Netherlands (3rd May 2022) [18]

1.2. OBJECTIVE OF THE THESIS AND RESEARCH QUESTION
The objective of this thesis is to develop a model to simulate the performance of a bifacial
PV farm, in order to determine the optimal configuration in terms of economic revenues.
Such model has to guarantee sufficient accuracy as well as a low computational time of
the simulations. The latter requirement arises from the need to extend this analysis on
a global scale hence the simulations have to be iterated over multiple locations. This in-
cludes the choice of the approach to follow while developing the model, e.g. view factor
or ray-tracing, as well as its resolution on different dimensions such as spatial or spectral.
Therefore, a first research question can be summarized in the following sentence:

What is the optimal model to simulate the performance of a bifacial PV farm on a global
scale?

This model will be adopted to determine the optimal configuration of the bifacial
PV farm, identified by design parameters such as tilt, orientation, row-to-row distance
or height of the modules. In particular, the benefits of an E/W vertical configuration is
investigated in comparison with the N/S tilted conventional counterpart. Therefore, a
second research question can be expressed as follows:

What is the potential of E/W vertical bifacial PV modules, in terms of economic revenues,
with respect to the N/S tilted counterpart?

The answer to this research question is expected to depend on various factors re-
lated to different contexts such as climate conditions, electricity market behaviour and
design parameters of the farm. Therefore, from this research question other three sub-
questions are derived:

1. What is the impact of the design parameters such as the row-to-row distance and
the height of the modules?

2. How the electricity market behaviour determines the optimal configuration?
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3. What are the climate parameters that play a role in selecting appropriate locations
for vertical bifacial PV?

1.3. THESIS OUTLINE
The thesis is structured as follows. A literature review concerning bifacial PV technol-
ogy and modelling is encompassed in chapter 2. This starts with some background
information about bifacial modules. Subsequently, a review of the various modelling
approaches and challenges are outlined, along with a classification of the main recent
models available in the literature. The methodology is described in chapter 3, where the
optical model developed for the scope of the thesis is explained in detail. Then, the ther-
mal and the electrical models are illustrated as well, completing the description of the
bifacial PV farm model. This is followed by the outline of the electricity prices modelling
and the explanation of the different database used for this analysis. Chapter 4 summa-
rizes the results obtained during this study. First, the outcome of the model’s validation
is shown, identifying the parameters that have a higher impact on its accuracy. Second,
the shape of vertical modules’ power curve is studied in relation to various factor, such
as the height of the modules or the diffuse fraction. Third, the influence of the design
parameters on the energy yield and other relevant metrics is analyzed to obtain a full
understanding of the inter-dependency between the design variables and to improve
the comparison between the different configurations. The chapter ends with the results
concerning the potential of vertical PV modules in terms of economic revenues in re-
lation to multiple variables, such as design parameters, climate conditions and market
scenarios. Finally, the main conclusions of the research are outlined in chapter 5, to-
gether with some recommendations for future work.





2
LITERATURE REVIEW

This chapter presents a comprehensive literature review that examines the current status
of the bifacial PV technology and modelling techniques. It is divided into two main sec-
tions. First, the main concepts that distinguish bifacial solar modules from the monofa-
cial counterpart are introduced in section 2.1. This include the explanation of the main
metrics, the influence of the design parameters and the different farm configurations.
Second, section 2.2 describes the various types of models that can be used to simulate
the performance of a bifacial PV farm. This is presented through an outline of the main
challenges to tackle as well as a classification of the existing models found in the liter-
ature. The aim of this literature review is to select the proper features for a bifacial PV
model that are required to fulfill the objective of this study, i.e. a global analysis to com-
pare the potential of different farm configurations.

2.1. BIFACIAL PV TECHNOLOGY

Bifacial solar cells start being conceptualized during the 1980s, when a study from Cuevas
et al. [19] mentioned the possibility to obtain a 50% gain power by using bifacial solar
cells instead of conventional monofacial ones. The interest in this technology increased
over the next decades and new types of solar cells were fabricated following the bifacial
concept. The substantial difference with respect to the monofacial cells can be recog-
nized in the rear electrode, which has to enable the solar radiation to be absorbed by
the cells as well as in the front case. For this purpose, the backside non-reflective sheet
is substituted by a metallic grid, similar to the front side electrode [3]. Figure 2.1 de-
scribes schematically this concept for c-Si based solar cells. In the following subsections
different aspects about bifacial PV technology are discussed. First, the main metrics are
introduced in subsection 2.1.1. Then, the influence of the various parameters on the
performance is presented in subsection 2.1.2 whereas the benefits of the vertical config-
uration for a solar farm are highlighted in subsection 2.1.3.

7
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Figure 2.1: Comparison between monofacial and bifacial concept [20]

2.1.1. INTRODUCTION TO THE MAIN METRICS
The bifaciality property of the PV modules is assessed using the bifaciality factor (φBi ),
defined as the ratio between the power generated by the rear side and the front side un-
der standard test conditions (STC), as shown in expression 2.1. The values usually range
from 60% to 90% in commercial applications [6]. However, bifaciality factor of approxi-
mately 92% and 95% can be obtained for Silicon Heterojunction and n-PERT solar cells,
respectively [20].

φBi =
PSTC ,r

PSTC , f
·100 (2.1)

The surplus of energy generated by bifacial solar cells with respect to the monofacial
is quantified by the bifacial gain (BG), defined in equation 2.2, where the terms EYmono

and EYbi refer to the energy yield of monofacial and bifacial cells, respectively. In some
studies, the same metric is defined using the instantaneous power instead of the energy
yield for the two types, but the concept remains unchanged [3].

BG = EYbi −EYmono

EYmono
(2.2)

This concept can be extended from the cell to the module level. Therefore, various
studies have used the bifacial gain to quantify the over-performance of bifacial PV mod-
ules with respect to the monofacial. However, the bifacial gain is not a property of the
solar cell but depends on the geographic location where the module is installed as well
as some design parameters such as the row-to-row distance, the tilt and the height of the
modules. Another crucial parameters in this case is the value of the albedo, which deter-
mines the ground’s property of reflecting the incident radiation. An example performed
by Sun et al. [21] of a global analysis concerning bifacial gain calculation is depicted in
figure 2.2, where the dependency on the installation conditions is evident.

The development of the bifacial technology in the recent years reduced the gap be-
tween bifacial and monofacial modules’ cost in most of the regions worldwide. Such af-
firmation can be confirmed and quantified through a comparison between the levellized
cost of electricity (LCOE) of the two technologies. Similarly to the bifacial gain concept,
the LCOE depends on the installation conditions of the modules, hence design param-
eters or ground’s type can affect significantly the outcome of the analysis. This occurs
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Figure 2.2: Example of bifacial gain calculation for different installation conditions and albedo values [21]

due to the higher sensitivity of bifacial performance on such conditions with respect the
monofacial case. The results obtained by Rodríguez-Gallegos et al. [11] show that the
cost-effectiveness of bifacial over monofacial modules is guaranteed over a certain lat-
itude, approximately around 40°. On the other hand, lower latitudes require minimum
value of albedo between 0.12 and 0.30 to achieve such condition. However, this trend is
expected to increase further due to the cost reductions concerning bifacial technologies’
manufacturing that are expected in the coming years [3].

2.1.2. EFFECT OF DIFFERENT PARAMETERS ON THE PERFORMANCE

As anticipated in the previous paragraphs where the main metrics have been discussed,
the performance of bifacial PV modules are highly dependent on the installation param-
eters. In case of monofacial modules, the optimization of the design parameters is lim-
ited to two main aspects. First, the tilt and the orientation of the modules are optimized
in order to maximize the energy yield. An approximate rule of thumb recommends to
use tilt values close to the latitude whereas the orientation has to be set to North or
South depending on the hemisphere. Second, the row-to-row distance of the farm is
chosen to avoid mutual shading during a certain time window. On the other hand, the
bifacial nature of the modules involves new challenges since the irradiance incident on
the rear side is the results of multiple reflections that depend on the interplay of various
parameters. These include the values of albedo, tilt, distance and height of the modules
[22]. Moreover, the interdependence between these parameters adds complexity to the
design phase [23].

The performance of a bifacial PV module are highly dependent on the albedo value,
which determines the fraction of the radiation that is reflected by the ground. In general,
a high value of albedo is beneficial for PV modules, since it increases the incident irradi-
ance. However, such benefit is significantly more evident in case of bifacial modules with
respect to the monofacial counterpart, since in the former type the amount of the ground
reflected component is substantially larger than for the latter. Therefore, both the bifa-
cial gain and the energy are highly sensitive to the albedo. In particular, Asgharzadeh et
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al. [23] have mentioned the presence of a linear relation between the albedo and the bi-
facial gain in their study. Moreover, in real outdoor conditions the albedo of the ground
is not constant along the year due to seasonal variations which can therefore affect the
energy yield. However, such effect have been quantified by Patel et al. [24] and its limited
influence on the energy yield has been proved, concluding that a time-constant albedo
value is sufficiently accurate.

Another parameter that affects the performance of the bifacial PV modules within
a farm is the row-to-row distance. The influence of such variable is related both to the
mutual shading between different rows and the amount of ground that is seen by the
modules, especially from the rear side. From the technical perspective, many studies
have highlighted that the increasing of the row-to-row distance leads to an increase of
the energy yield [22]. However, the increase of the farm’s surface is related to higher land
cost, which affects the LCOE of the system. Therefore, the optimal trade-off between the
technical constraints and the economical implications has to be found, as analyzed in
several studies [4], [25], [26].

The elevation of the modules has a relevant impact on the energy yield of bifacial
PV farms since it affects the irradiance incident on the rear side. Unlike the other pa-
rameters, in literature there is not a complete agreement concerning the influence of the
height on the performance. Asgharzadeh et al. [23] have mentioned that higher values
of elevation are beneficial in terms of bifacial gain, hence increasing the energy yield,
up to a certain saturation value, equal to 1m in their case. Therefore, it is stated that in-
creasing the height beyond that limit has no effect on the performance [27]. On the other
hand, Yusufoglu et al. [22] have shown the presence of optimal height values that max-
imise the energy yield in their simulation for Cairo (Egypt) and Oslo (Norway). In this
study, an initial increasing in the energy yield is registered in agreement with the other
works whereas a decreasing trend is observed instead of saturation behaviour. The au-
thors justify such behaviour as a consequence of the trade-off between the self-shading
and utilization of the reflective surface, determined by its view factor. However, there is
not a general rule for the optimal height value since it is dependent on the location and
the other parameters.

Similarly to the monofacial case, calculating of the optimal tilt that maximize the
energy is crucial during the design phase. However, in case of bifacial modules the in-
terdependence between multiple variables requires a detailed sensitivity analysis [22].
In particular, a positive correlation is observed between the optimal tilt and the albedo
value [21]. This occurs since higher tilt values enable the module’s surfaces to see a larger
portion of the ground hence increasing the fraction of ground reflected irradiance. Such
rule is valid both for monofacial and bifacial modules, but in latter case the impact is
higher [23]. The same trend is followed when considering the row-to-row distance: low
reflective areas lead to lower optimal tilt values [22], [28]. On the other hand, a negative
correlation is registered with respect to the module’s height [21], [22]. Moreover, the op-
timal tilt changes also when considering large farm instead of stand-alone PV modules
[23]. Figure 2.3 summarizes the dependence of the optimal tilt on the albedo and the



2.1. BIFACIAL PV TECHNOLOGY

2

11

Figure 2.3: Example of optimal tilt for various locations, (a) and (b) highlight respectively the trend with the
albedo and the elevation [21]

Figure 2.4: Summary of the interdependence of the design parameters on the energy yield of bifacial PV
modules. The simulations refer to Cairo (left) and Oslo (right).[22]

modules’ elevation.

The main takeaway of this section is that the bifacial nature of the PV modules causes
an interdependence between the various design parameters and installation conditions.
Therefore, an analysis on this technology requires a careful sensitivity analysis to guaran-
tee a complete overview of the matter. An example of such interdependence is shown in
figure 2.4, which is limited to two different locations [22]. However, the impact of these
parameters is mainly studied for PV modules mounted at their optimal tilt. There are
only few studies that highlight such concepts for vertical PV farms but a comparison of
the influence of the installation conditions between different configurations is missing
in the literature.

2.1.3. POTENTIAL OF VERTICAL PV MODULES

Bifacial PV modules enables multiple configurations for a solar farm with respect to the
monofacial technology. Besides the N/S conventional tilted configuration aimed to max-
imize the energy yield, also the E/W vertical modules have been analyzed in many stud-
ies [11], [14], [16], [17], [21], [29]–[34]. The advantages of such configuration have been
introduced in chapter 1, mentioning both the benefits related to the physical structure
and the power curve characterized by two peaks.
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Figure 2.5: Diffuse fraction value for which bifacial vertical PV modules receive more irradiation than tilted
monofacial counterpart, depending on the latitude. This is shown for different albedo values [31]

The performance of vertical modules are highly affected by the climate conditions
of the analyzed locations. In particular, the diffuse fraction plays a significant role. Guo
et al. [31] have shown that a high diffuse fraction is beneficial for vertical modules in
terms of total energy generated. This is shown in figure 2.5, where the diffuse fraction
for which vertical modules receives more irradiation than the monofacial tilted config-
uration is highlighted for different albedo values. However, this study is limited to the
analysis of the influence of the diffuse fraction on the total energy yield. Therefore, it is
neglected the effect of this climate variable on the different periods of the daily power
curve, whose shape determines the advantages of the vertical configuration.

To estimate the potential of vertical PV modules, various authors have proposed dif-
ferent metrics. Most of the studies still focus on the LCOE for the comparison with con-
ventional installations. However, the vertical configuration presents a higher LCOE with
respect to the conventional one [30], with the exception of some latitudes close to the
poles and very high albedo values [11]. This metric is not able to capture the advantages
of such technology since it only depends on the energy yield, which is usually lower for
vertical farms. Therefore, there is a need of a metric that is able to show the advantage
related to the shape of the power curve instead of only considering its integral. Chudin-
zow et al. [30] have adopted the value factor, defined in equation 2.3, to understand the
potential of the vertical configuration in terms economic revenues. This metric weights
the power produced by a power plant depending on the market price. In their case study,
they have focused on Germany, where the high PV penetration leads to a minimum in
the daily price curve around noon. Therefore, vertical PV are characterized by a higher
value factor than the conventional tilted configuration, highlighting the economical su-
periority of the former over the latter. However, the value factor is able to show only the
capability of capturing high electricity prices, without considering the total amount of
revenues earned. In conclusion, this limitation prevents the use of the value factor to
state the absolute economical superiority of one configuration among the others.

value factor = Specific revenues of a power plant
[

€
MW h

]
Average market price

[
€

MW h

] (2.3)
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Figure 2.6: View factor concept [36]

2.2. MODELLING OF BIFACIAL PV FARM
The modelling of bifacial PV solar cells is essential to predict the power generated by
one single module up to utility-scale farms. In this section the main approaches and
the critical challenges for bifacial PV modelling are described. First, subsection 2.2.1 de-
scribes the difference between the optical modelling methods based on view factor and
ray-tracing concept, highlighting their advantages and disadvantages. Then, the main
challenges of bifacial PV optical modelling are presented in subsections 2.2.2 and 2.2.3,
respectively. Subsection 2.2.4 focuses on a classification of the existing optical models
present in literature. Subsequently, the main thermo-electrical models adopted for bi-
facial PV are described in subsection 2.2.5. Lastly, subsection 2.2.6 summarizes the con-
clusions of the literature review on bifacial PV modelling and outlines the approach that
is followed in this study.

2.2.1. VIEW FACTOR VS RAY-TRACING
Estimating the amount of irradiance incident on the rear side of a bifacial PV module
represents the the main challenge of the modelling of this technology. Different ap-
proaches can be adopted for this purpose and they can be divided into methods based
on either view factor or ray-tracing principles. Such techniques are explained in detail in
the following paragraphs.

The concept of view factor, also known as configuration factor in literature, is de-
fined as the fraction of radiation that leaves a surface AP and is received by a surface AR .
These surfaces are assumed to be opaque, isothermal and diffuse [35]. Such concept is
inherited from the heat transfer theory and it has been widely used to determine the ra-
diation exchange between two surfaces. It is a purely geometric factor, i.e. its value is
independent on the amount of radiation involved as well as the temperature of the ob-
jects. Mathematically, the view factor is defined as expressed in equation 2.4. AR , AP and
d AR ,d AP are the considered surfaces and their differential elements whereas θ1 and θ2

are the angles between these infinitesimal surfaces and their distance s.

FAR→AP = 1

AR

Ï
AR AP

cosθ1 cosθ2

πs2 d AR d AP (2.4)

The view factor approach to estimate the radiation incident on the different surfaces
is based on the solution of the integral shown in equation 2.4. However, it can be solved
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Figure 2.7: Hottel’s cross string rule [40]

analytically only for a limited number of simple cases. Therefore, either a computa-
tional approach is followed or analytical approximations are made. Several methods
have been developed for this purpose [37], including direct integration, unit spheres,
Hottel’s crossed strings, matrix and Monte Carlo methods.

Direct integration provides an exact analytical solution to the problem but it is only
applicable in case of simple geometries. Unit spheres method has been developed by
Nusselt in 1928 [38], who simplified the problem from a double to a single integration in-
troducing a large distance assumption. In this method, the surface AP is projected onto
a hemisphere built over the plane of the surface AR . Then, the view factor is calculated
as the fraction of the circle, i.e. the base of the hemisphere, determined by the orthogo-
nal projections of the surface projected onto the hemisphere. Nevertheless, this method
is limited by the large-distance assumption and requires a computational time higher
than the previous one. Hottel’s cross string method consists in a simplification of the
view factor calculation applicable for 2D cases irrespective of the shape of the surfaces,
e.g. flat, convex or concave [39]. A schematic representation is illustrated in figure 2.7
whereas the view factor is calculated according to the formula 2.5 [40]. The advantage of
this technique is the low computational time required to complete the calculations with
respect to the other methods. Another technique that can be applied for this purpose
is the Monte Carlo method, which is based on a statistical characterization of the phe-
nomenon and it is also applicable for complex surfaces. However, a high computational
time is required to obtain the final solution of the problem, which is an approximation
subjected to statistical fluctuation [41]. Finally, a matrix approach be adopted for view
factor calculation. It is based on the property stating that, in case of enclosed geometry,
the sum of the view factors between a particular surface and all the other surfaces visible
from that surface is equal to unity.

FA1→A2 =
C F +DE −C E −DF

2 ·C D
(2.5)

Concerning the objective of this study, i.e. the modelling of a bifacial PV farm, only
few of the mentioned methods can be adopted. Direct integration requires numerical in-
tegration since the application of the view factor formula cannot be solved analytically
for two rectangles in an arbitrary position of 3D space. An example regarding two per-
pendicular rectangles is reported by Abishek et al. [42], where the analytical calculations
are developed until the extent possible and then approximated formulas are provided.
Such concept have been applied by Alam et al. [35], where the ground view factor of the
rear cells is calculated under six different design variables and both uniform and non-
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Figure 2.8: Example of a rendered image obtained using RADIANCE simulation software [46]

uniform grounds are tested. Nusselt’s method cannot be applied in this case since the
interaction between the ground and the modules does not satisfy the large distance hy-
pothesis. On the other hand, Hottel’s cross string rule could be applied for the view factor
calculations required for this study only in case of 2D approximation. Such assumption
entails considering a farm characterized by infinitely-long modules’ rows, i.e. large-scale
PV farms. In other terms, this 2D assumption neglects the "edge effect" (EE) [6], namely
the increase of the irradiation received by the modules at the edge of the rows due to
the presence of less obstacles. This parameter is defined in equation 2.6 in relation to
the bifacial gain, according to Pelaez et al. [6]. Monte Carlo method represents a viable
solution in case of high accuracy requirements and absence of computational time re-
strictions. Finally, the matrix technique seems not to be suitable for the modelling of a
bifacial PV farm since the enclosed geometry requirement cannot be easily satisfied un-
less a large number of surfaces are considered, increasing the complexity of the problem.

EE = BG(#r ow s,#modules per r ow)

BG(∞r ow s,∞modules per r ow)
(2.6)

Another approach for the optical modelling of a bifacial PV farm consists in the use
of ray-tracing algorithms. The principle consists in the simulation of individual rays’
path to obtain a an illumination mapping through a rendering process. RADIANCE [7] is
a widely used open-source software adopted for PV modelling purposes [43]. Moreover,
NREL developed a version of this software called bifacial_radiance [44] specifically for bi-
facial PV applications. This is based on backward ray-tracing, i.e. the rays are traced from
the object to the source [45]. It enables the modelling of 3D complex environments, cap-
turing the edge effects, the influence of the racking system and the non-uniformity on
the spatial dimension [46]. The accuracy of the results obtained by using this approach
depends on the resolution of the rendering image. In general, more accurate results can
be obtained in comparison to view factor based techniques. However, such method re-
quires a significantly higher computational time, up to order of 104 − 105 higher with
respect to 2D view factor methods [46].

To provide a complete overview of bifacial PV modelling, the presence of empirical
models has to be mentioned. Such models are characterized by equations with coeffi-
cients obtained from a combination of the results from real measurements and simu-
lations. The advantage of these methods consists in a low computational time in com-
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parison to the other cases. However, the results are usually limited to certain aspects,
e.g. the calculation of bifacial gain, and the level of accuracy is generally low. For in-
stance, two empirical models have been developed by SolarWorld [47] and PrismSolar
[48], where the bifacial energy gain is calculated as a function of the design parameters
and the albedo value.

Various studies from different authors have compared the performance of widely
used models based on view factor or ray-tracing [6], [46], highlighting the advantages
and disadvantages on both techniques. A summary of these works is present in table 2.1,
where the most popular models have been selected.

Table 2.1: Comparison of the existing models adopted for bifacial PV modelling [6], [46]

Approach Computational time Edge effect

SolarWorld [47] Empirical Very low Neglected
PrismSolar [48] Empirical Very low Neglected
pvfactors [49] 2D VF (Matrix) Low Neglected
NREL VF [5] 2D VF (Hottel) Low Neglected
PVSyst [50] 2D VF Low Neglected
bifacial_radiance [44] Ray-tracing High Considered

The analysis highlights the ability of ray-tracing model to capture the edge effects
whereas the other methods ensure a lower computational time. This latter parameter
depends on the resource available and discrepancies are present among different stud-
ies in literature. For instance, the computational time of the ray-tracing method is men-
tioned to be from 6 [6] up to 104 −105 [46] time higher with respect to view factor meth-
ods. Such variety of results is probably caused by the dependency of the time required
for one simulation on the dimensions of the simulated PV farm in case of ray-tracing. On
the other hand, most of the analyzed view factor models are not sensitive to this feature
due to their infinite length’s assumption. The accuracy of the various approaches can be
determined by observing the results of this comparison, which are depicted in figures
2.9, 2.10 and 2.11.

Pelaez et al. [6] concluded that the edge effect start becoming significant above a cer-
tain elevation of the modules, hence ray-tracing methods are required to obtain an ac-
curate estimation of the irradiance in that case. In general, figures 2.9 and 2.10 show suf-
ficient agreement between view factor and ray-tracing models with the measured data,
where the former approach seems to be more conservative. In particular, the error on the
bifacial gain is within 2%. The study of Asgharzadeh et al. [46] confirms that ray-tracing
guarantees the most accurate estimation of the rear irradiance, as shown in figure 2.11.
This work proves that the main gain in accuracy is obtained by considering the influ-
ence of the racking structure whereas the edge effect is limited in case of large farms.
Moreover, even though angle of incidence (AOI) losses have a marginal effect within the
model’s outcome, it is recommended to include them in a bifacial PV model. Lastly, it is
concluded that 2D models are accurate enough in terms of annual energy yield estima-
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Figure 2.9: Comparison between the accuracy of ray-tracing and view factor models in predicting bifacial gain
in relation to the height and row-to-row distance of the modules, which are normalized through the clearance

and the ground coverage ratio [6]

Figure 2.10: Comparison between the
accuracy of ray-tracing and view factor

models in predicting backside irradiance in
relation to the position of the cell along the

module [6]. The clearance value refers to the
normalized height of the modules.

Figure 2.11: Comparison between the
accuracy of the models presented in table

2.1 [46]. Empirical models are omitted
whereas bifacial_radiance is tested also

neglecting the racking structure.

tion despite the higher resolution ensured by 3D models.

2.2.2. NON-UNIFORMITY OF REAR IRRADIANCE

One of the main drawbacks in bifacial PV technology is the non-uniformity of the irra-
diance incident on the rear side of the module, which causes mismatch losses (M Mloss )
that limit the total generated power. Such losses can be defined as shown in equation
2.7, which quantifies the decrease in the power output of the PV array with respect to the
value of the individual cells [51]. In general, the interconnection between the solar cells
is such that a non-uniform rear irradiance leads to a deviation of the point of operation
from the maximum power point (MPP). Therefore, the output current is usually lim-
ited by the solar cell that receives the lowest amount of radiation. Such non-uniformity
arises from various effect. The configuration of a farm leads to an alternating pattern
of shaded and unshaded ground portions that depend on the position of the sun along
the day. Furthermore, the ground’s field of view of a rear cell, i.e. the angular fraction
of ground seen by a cell, varies along the module’s length. Moreover, the ground below



2

18 2. LITERATURE REVIEW

Figure 2.12: Example of ray-tracing simulation that highlights the non-uniformity of rear irradiance [8]

the PV modules is not homogeneous due to the exposure on the outdoor climate. There-
fore, these effects lead to a ground reflected irradiance that is not uniform on the rear
side of the module, as depicted in figure 2.12. Such behaviour is not present on the front
side, since the albedo irradiance component represents only a limited fraction of the
incoming radiation, dominated by sky irradiance. The non-uniformity of the rear irra-
diance is enhanced by the presence of the mounting structure, which causes additional
shading and reflections. These operational conditions could lead to an increase in the
degradation of the solar cells besides the power losses. Therefore, the minimization of
the non-uniformity has to be considered carefully during the design phase of a bifacial
PV farm.

M Mloss =
(
1− Par r ay∑

Pcel l s

)
·100% (2.7)

Unlike the non-uniformity experienced on the front side cells, the heterogeneity of
the rear irradiance is not sufficient to activate the bypass diodes and avoid that the least
illuminated cell limits the performance of the module. This occurs since the difference
in rear irradiance is modest when considering the total radiation, i.e. sum of front and
rear components. Therefore, it is not sufficient to activate the bypass diodes [51]. How-
ever, alternative configurations of bypass diodes have been proposed by Faturrochman
et al. [14] that can reduce the mismatch losses from 13.3% to 10.7%. In particular, a novel
L-shaped configuration has been introduced, as depicted in figure 2.13. However, such
study is limited to the application of vertical bifacial PV modules, hence limited installa-
tion conditions have been tested.

Various metrics are used in the literature to quantify the non uniformity of the rear
irradiance. The most popular is the GNU defined in equation 2.8, where the normal-
ized difference between the maximum and the minimum irradiance is calculated [52].
To evaluate the effect on the overall performance of the module, the parameter I NU
is introduced, as shown in equation 2.9 [52], which weights the non-uniformity on the
rear side with the front irradiance value. Gmax and Gmi n indicate the maximum and
minimum values of rear irradiance, respectively, whereas G f r ont is the (average) front
irradiance.

GNU = Gmax −Gmi n

Gmax +Gmi n
(2.8)
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Figure 2.13: Alternative configuration of bypass diodes to reduce the mismatch losses: i) 1 diode per row, ii) 1
diode per 4 rows, iii) L-shaped [14]

Figure 2.14: Example of GNU profile along the day for a bifacial PV module located in Madrid [52]

I NU = φBi · (Gmax −Gmi n)

2 ·G f r ont +φBi · (Gmax +Gmi n)
(2.9)

According to Raina and Sinha [8], the value of GNU can be used to estimate the the
mismatch losses through the fitting equation 2.10, characterized by R2 = 98.1%, as stated
in their study. GNU varies instantaneously depending on the sun’s position and the
intensity of the solar irradiation. Figure 2.14 reports an example of a simulated GNU
daily profile in Madrid [52]. Moreover, GNU values are extremely sensitive to the de-
sign parameters of the modules, namely the height, the row-to-row distance and the tilt
values. The interplay between these parameters complicates the full understanding of
the behaviour. However, the GNU seems to decrease when the height of the modules
is increased, and presents a maximum while the tilt changes [8]. Moreover, high albedo
environments cause an increase in GNU whereas its value is not very sensitive on the
orientation of the modules [8].

M Mloss [%] = 1.16+0.12 ·GNU [%] (2.10)

Other metrics are adopted to quantify the non-uniformity of the rear irradiance.
The choice of these metrics is led by the necessity of obtaining a relation with the mis-
match losses. Deline et al. [51] proposed the mean standard deviation (σGr ear ) and the
mean absolute difference (∆Gr ear ) due to their high correlation with M Ml oss . They have
developed three empirical relations that relate these variables to the mismatch losses.
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Equations 2.11 and 2.12 express M Mloss as a function of σGr ear and are characterized by
R2 = 0.977 and R2 = 0.983, respectively. The accuracy increases up to R2 = 0.995 when
∆Gr ear is used, as shown in equation 2.13.

M Mloss [%] = exp
(
1.57 · ln

(
σGr ear [%]

)−2
)

(2.11)

M Mloss [%] = 0.15 · (σGr ear [%]
)+0.027 · (σGr ear [%]

)2 (2.12)

M Mloss [%] = 0.142 · (∆Gr ear [%]
)+0.032 · (∆Gr ear [%]

)2 (2.13)

The modelling of the non-uniformity of the rear irradiance is therefore essential to
avoid the overestimation of the power output. This means that the spatial resolution of
the model with respect to the PV modules has to be higher in comparison to previous
monofacial models, hence the incident irradiance has to be estimated for each cell in-
stead using an average value for the whole surface. Alternatively, empirical relations can
be used to estimate the mismatch losses induced by the non-uniformity of the rear irra-
diance. They can be beneficial when the computational time required for the simulation
is very low and can limit the error up to 0.1% on yearly basis [51].

Since the heterogeneity of the irradiance is caused by the interplay of multiple ef-
fects, some limitations have to be taken during the modelling phase. Therefore, it is
important to select the most relevant phenomena when computational time constraints
are present. For instance, the influence of the mounting structure can affect significantly
the distribution of the irradiance incident on the rear side of the modules, therefore a
proper design of such components is required. A study of Pelaez et al. [6] analyzed the
influence of the torque tube in a 1-axis tracking system and concluded that neglecting
the mismatch losses could lead to an underestimation of the DC power losses of approx-
imately 1%.

The concept of "decisive solar cell" has been introduced by Berrian and Libal [45].
This is used to identify the cell that receives the lowest irradiance hence limiting the
total current of the module. Since the decisive solar cell changes in time, the frequency
is reported to understand which cells are responsible for the highest mismatch losses.
From figure 2.15 it is evident that the lowest irradiance occurs in the central area of the
module. Furthermore, it is mentioned that both view factor and ray-tracing models are
able to estimate accurately the irradiance of the decisive solar cell, leading to a slight
underestimation in most of the cases. Surprisingly, lower relative deviations have been
found for view factor models but values up to ±2% have been obtained in both cases.

2.2.3. SPECTRAL INFLUENCE
Solar cells are spectrally-sensitive devices, hence the power generated is dependent on
the spectrum of the incoming radiation, whose shape depends on several factors, includ-
ing the air mass (AM), aerosol optical depth (AOD) and precipitable water (PW) [53]. In
case of bifacial PV modules, the presence of different incident spectral irradiance on the
front and the rear side increases the complexity of spectral influence on the performance
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Figure 2.15: Example of decisive solar cell identification, including both modelled and measured values [45]

[9]. For tilted installations, the irradiance incident on the rear side mainly consists in
ground reflected component, whose spectrum is determined by the interaction with the
ground. Therefore, several studies recommend to consider the spectral effect while de-
veloping bifacial PV models [9], [54]–[56] since the use of a constant scalar albedo could
lead to relative error in bifacial gain calculations up to 19.5% [56].

Depending on the ground type, different regions of the spectrum are absorbed whereas
others are reflected. Such effects can be captured by a bifacial PV model using a spectral
curve for the albedo instead of a constant scalar value, increasing the accuracy of the
rear irradiance estimation. An example of such curves for four different ground types is
reported in figure 2.16, where also the typical Silicon spectral response is illustrated [9].

The shape of the spectra can be expressed through the average photon energy (APE)
values, defined in equation 2.14 [57], [58], which indicates the chromatic distribution.
In the equation, ER is ground-reflected spectrum and ΦR is the photon flux, both de-
pendent on the wavelength (λ), whereas q is the conversion factor from eV to J . In
particular, a red-shifted spectrum is characterized by a low APE value whereas high val-
ues of APE are obtained for spectra shifted towards the ultra-violet regions [9]. Table
2.2 reports the APE values of the four ground types illustrated in figure 2.16, where for
instance the blueish profile of white sand spectrum is shown. Another metric used to
quantify the shape of a spectrum is the normalized difference vegetation index (N DV I ),
which expresses whether the spectrum is shifted towards red or blue regions as well [55].
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Figure 2.16: Spectral albedo curves for four different surfaces obtained through SMARTS software [9]

APE =
∫ λmax
λmi n

ER (λ)dλ

q ·∫ λmax
λmi n

ΦR (λ)dλ
(2.14)

Table 2.2: APE values of four selected ground types [9]

Light soil White sand Green grass Concrete slab
Ground-reflected APE [eV] 1.622 1.809 1.454 1.696

There are several metrics that can be used to quantify the impact of the spectrum
in the estimation the power generated by a solar cell. They calculate the error with re-
spect to the adoption of a reference spectrum, which in the simplest case is constant for
each wavelength. The introduction of such metrics is also related to the instantaneous
changes in the spectrum’s shape due to the variation of the external conditions. A widely
used metric is the spectral factor (SF ) [59], which can be defined as shown in equations
2.15 and 2.16 for the front and the rear side, respectively. SR(λ) is the spectral response
of the device whereas E f r ont/r ear (λ) and E f r ont/r ear,r e f (λ) indicate the actual and the
reference spectral irradiance, respectively. Similarly, G f r ont/r ear and G f r ont/r ear,r e f re-
fer to their integrated values. A value of spectral factor equal to 1 means that there is no
difference between reference or actual spectrum. On the other hand, spectral gains and
losses occur when it is higher or lower than 1, respectively. In literature, the concept of
spectral impact (SI ) is introduced to estimate the effect of the spectral factor over the
time and it consists in its average value weighted by the broadband irradiance [55].

SF f r ont =
∫ λmax
λmi n

SR f r ont (λ) ·E f r ont (λ) ·dλ∫ λmax
λmi n

SR f r ont (λ) ·E f r ont ,r e f (λ) ·dλ
· G f r ont ,r e f

G f r ont
(2.15)
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SFr ear =
∫ λmax
λmi n

SRr ear (λ) ·Er ear (λ) ·dλ∫ λmax
λmi n

SRr ear (λ) ·Er ear,r e f (λ) ·dλ
· Gr ear,r e f

Gr ear
(2.16)

To combine the spectral effect of both front and rear side, Mouhib et al. [9] proposed
a metric called bifacial spectral factor (BSF ), defined in equation 2.17, where the coef-
ficient M Mspectr al quantifies the mismatch between the two reference spectrum. Such
metric can be used as a spectral correction while estimating the power generated by a
bifacial PV module. The results of their studies show the high dependence of the SFr ear

and BSF on the ground type and annual values of BSF up to 1.65% have been found in
case of green grass. These results are in agreement with the study of Riedel-Lyngskær
et al. [55], who have obtained values of SFr ear up to 25% for green grass, namely ap-
proximately 2% when translated in BSF . Seasonal variations of SFr ear have been proved
as well as on daily basis [55]. The dependence on the sun’s zenith has been highlighted
[55], obtaining a U-shaped profile during the day [9]. Such dependence is evident during
sunny days whereas becomes poor during cloudy conditions [55]. Furthermore, the cor-
relation between SFr ear and other parameters has been investigated by several studies.
Absence of correlation between SFr ear and APE has been proved, whereas higher values
have been found for N DV I .

BSF = G f r ont ·SF f r ont +φBi ·Gr ear ·M Mspectr al ·SFr ear

G f r ont +φBi ·Gr ear
(2.17)

M Mspectr al =
∫ λmax
λmi n

SRr ear (λ) ·Er ear,r e f (λ) ·dλ∫ λmax
λmi n

SR f r ont (λ) ·E f r ont ,r e f (λ) ·dλ
· G f r ont ,r e f

Gr ear,r e f
(2.18)

To capture the spectral variations throughout the day, various approaches can be
followed. Rodríguez-Gallegos et al. [11] included in their model a factor f1 which is
multiplied to the power output to take into account this effect. It is defined through an
empirical relation based on the absolute air mass (AMa) [60] as shown in equation 2.19,
obtained through a fourth order regression with the coefficients a0, a1, a2, a3, a4 [61],
[62].

f1(AMa) = a0 +a1 · AMa +a2 · (AMa)2 +a3 · (AMa)3 +a4 · (AMa)4 (2.19)

In conclusion, the spectral influence of the rear irradiance should be considered as a
non-negligible second order effect due to high fraction of irradiance incident to the front
side with respect to the total [9]. Russell et al. [63] have estimated that a wavelength-
independent albedo could lead in an underestimation of power output up to 3.1% and
5.2% for the green grass and the white sand, respectively. However, the use of spectral
albedo and irradiance increases the complexity of bifacial PV models, decreasing the
performance in terms of computational time. In particular, the resolution of the spec-
tral data has a significant impact and high values are not required to obtain sufficiently
accurate results [55].
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2.2.4. CLASSIFICATION OF THE CURRENT OPTICAL MODELS

The trade-off between accuracy of the results and computational time leads to various
choices of optical models among the studies present in literature. The purpose of the
next paragraphs is to classify the existing optical models for bifacial PV and to investi-
gate their use throughout different studies present in literature.

The first step of the classification consists in dividing the models depending whether
they are based on the view factor or ray-tracing concept. Concerning the former, most
of the studies have developed their own model, where the implementation of certain as-
pects, e.g. the spectral impact, AOI corrections or geometrical constraints, depends on
the individual case. However, many works uses the popular model created by Marion et
al. [5] as the starting point for their analysis. On the other hand, the studies based on ray-
tracing concept usually refer to the RADIANCE simulation open-source software [7]. In
particular, the adapted version named bifacial_radiance [44] developed exclusively for
bifacial PV applications is gaining popularity.

Figure 2.17 classifies the studies analyzed during this literature review depending on
the approach adopted for the development of the optical model, which are grouped in
four different categories. First, view factor models are distinguished from ray-tracing.
Moreover, studies that discuss and compare both approaches are included as well as
research that are based on alternative methods, e.g. empirical approaches. It is evident
from figure 2.17 that the use of view factor models is preferred with respect to ray-tracing,
especially when multiple locations are analyzed for a time period of one year. Concern-
ing view factor models, the number of spatial dimensions considered, i.e. 2D or 3D, is
also included in the visualization. The 3D view factor models are still limited due to the
complex geometrical implications that require numerical integration. These affect sig-
nificantly the computational time, hence 3D models are only used to estimate targeted
behaviours where high accuracy is needed. Lastly, the colours in figure 2.17 are used
to understand which of these studies has validated the model with experimental data.
To quantify the ability of the model to predict the incident irradiance, the root mean
square error (RMSE) and the mean bias deviation (MBD) between modelled and mea-
sured data are usually adopted, both in terms of absolute [W /m2] and relative [%] error
[5]. Moreover, the agreement between measurements and modelled data is often shown
considering the sum of the front and the rear components [5]. Lower errors are obtained
in this case since the rear irradiance represents only a limited fraction of the total inci-
dent irradiance.

The second step of this classification consists in understanding whether the stud-
ies present in literature have considered or neglected two main challenges of bifacial
PV modelling: non-uniformity of rear irradiance and the spectral influence. In the sub-
sections 2.2.2 and 2.2.3, the impact of these challenges in relation with the accuracy of
the models have been discussed along with their advantages and disadvantages. Figure
2.18 shows how these aspects have been tackled by the studies available in the literature,
highlighting the number of locations considered for the simulations. It can be observed
that less features are considered when a high number of locations is examined, due to
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Figure 2.17: Classification of the models adopted in the studies available in literature concerning the main
approach used for the irradiance estimation

the implications on the computational time that additional spatial and spectral dimen-
sions involve. In particular, there is an absence of global analysis that take into account
both the non-uniformity of the rear irradiance and the spectral impact simultaneously.

In conclusion, the literature review on optical models shows that their characteris-
tics are highly dependent on the objective of the individual study, especially in terms of
number of locations considered and time interval of the simulation. Concerning the ap-
proach to use, the accuracy increases from 2D view factor to ray-tracing models. How-
ever, the difference is marginal in case large-scale farms are considered. On the other
hand, non-uniformity of rear irradiance and spectral impact are crucial aspects in bifa-
cial PV modelling, therefore the optimal trade-off considering the computational time
has to be found.

2.2.5. THERMO-ELECTRICAL MODEL

The objective bifacial PV models is to estimate the electrical power output of the device
depending on the external conditions. Whereas the optical model provides the irradi-
ance incident on the surfaces of the modules, a thermo-electrical model is needed to
convert such information into generated power. It consists in two submodels: an elec-
trical submodel that simulates the behaviour of the electrical components and a thermal
submodel that takes into account the effect of the temperature on the performance. In
contrast to the optical modelling, the changes with respect to the monofacial counter-
part are limited concerning the thermo-electrical part. Therefore, there is an extensive
literature that can be consulted to find the most appropriate model depending on the
scope of the analysis, since the development of such models is rather mature as it started
with monofacial PV research. In the next paragraph the main approaches adopted for the
thermo-electrical modelling of bifacial PV are described.
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Figure 2.18: Classification of the models adopted in the studies available in literature concerning the
non-uniformity of the rear irradiance and the spectral impact

The most popular electrical model in the literature is the 1-diode approximation,
which is based on the equivalent circuit depicted in figure 2.19. The I −V characteristics
of each solar cell is determined by the equation 2.20 [8], where Iph and I0 indicate the
photogenerated current and the reverse saturation current, respectively. Ns is the num-
ber of cells connected in series whereas n is the ideality factor. The thermal voltage is
defined as Vt = kT /q , hence it depends on the absolute temperature T , the Boltzmann
constant k and the elementary charge q . Finally, RS and RSH represent the series and the
shunt resistance of the circuit. Therefore, there are five parameters that need to be ex-
tracted to simulate the behaviour of the solar cell: I0, Iph n, RS RSH . However, only four
equations are available that relate these parameters, hence approximations are needed,
as described by Raina and Sinha [8]. The main difference with monofacial modules re-
gards the calculation of the photogenerated current, which consists in the sum of the
front and the rear irradiance components, as highlighted in equation 2.21. In particular,
the front ad the rear side are assumed to be in parallel.

I = Iph − I0 ·
[

exp

(
V + I RS

Ns nVt

)
−1

]
− V + I RS

RSH
(2.20)

Iph = Iph, f r ont + Iph,r ear (2.21)

The 1-diode approximation is versatile in terms of applicability. Depending on the
photogenerated current, it can be adopted from individual cell to module level. The for-
mer approach enables the consideration of the non-uniformity of rear irradiance, lead-
ing to higher accuracy. On the other hand, the spectral information can be included
while calculating the photogenerated current by considering the spectral response of the
module. Moreover, bypass diodes can be introduced by limiting the current of each cell
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Figure 2.19: 1-diode equivalent circuit of a solar cell [8]

depending on the power optimizer configuration. These characteristics justify the large
use of this method among different studies present in literature. Nevertheless, such ap-
proach could be limited by computational time constraints since the maximum power
point has to be extracted from the I −V characteristic using a numerical method, which
can affect the accuracy of the results.

Another model that is used as electrical equivalent circuit of a solar cell is the 2-
diodes approximation [14], [64]. In this case, additional parameters are included to ob-
tain a I −V characteristics which simulates better the non-ideality of the solar cell. This
method follows the same principle of the 1-diode approximation, presenting the same
advantages and disadvantages. In principle, its higher level of complexity leads to more
accurate results.

Besides the electrical models that are based on the equivalent circuit of a solar cell,
other methods with a lower degree of complexity are widely used in the literature. Such
models are suggested in case of global analysis due to the limited computational time
involved. For instance, Rodríguez-Gallegos et al. [11] have adopted a model which uses
a constant efficiency value to convert the incident irradiance into electrical power. This
model also includes corrective coefficients to take into account other effects like degra-
dation, spectral impact and temperature, following the principle of Skoplaki and Palyvos
[65]. Similalry, Sun et al. [21] have used two different values of efficiencies for the front
and the rear side, including the concept of bifaciality factor. Lastly, Ledesma et al. [52]
adopted an irradiance-dependent efficiency to develop their bifacial PV model.

The electrical performance of the PV modules are highly influenced by the operating
temperature of the solar cells, i.e. high temperatures limit the electrical power by affect-
ing the I −V characteristic [64]. First, Lamers et al. [66] address the question whether
bifacial modules operate at higher temperatures with respect to the monofacial counter-
part. Such inquiry arises from two opposite effects: the higher total irradiance increases
the module’s temperature whereas the higher transmission of infrared spectral region
decreases it [67]. Their study has shown that the temperature is higher for bifacial mod-
ules only when the rear irradiance is higher than 15% of the front one. Therefore, such
situation depends on the installation conditions, in particular on the the albedo value.
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However, a positive bifacial gain is always guaranteed also in the most negative temper-
ature scenarios.

Complementary to the electrical ones, thermal models are required for the calcula-
tion of solar cells’ temperature. A wide variety of options is present in literature, which
differ in terms of accuracy and computational time. Similarly to the previous case, the
choice of the model is based on the objective of the study and its boundaries in terms of
number of locations and time interval considered. A first option consists in the INOCT
(Installed Nominal Operating Cell Temperature) model that estimates the cell temper-
ature depending on the installation type, distinguishing direct mounted, stand-off and
rack mounted structures [68]. The formula used in this case is expressed in the equation
2.23 [69]. This approach has been implemented in many studies thanks to the low com-
putational time required and the limited number of variables needed [4], [11], [22], [52].
Such conditions are favorable especially in case of global analysis, where many locations
have to be simulated and the input data can be less accurate or missing.

Gtot =G f r ont +Gr ear (2.22)

Tcel l = Tamb +
Gtot

GNOC T
· (TI NOC T −20◦C

)
(2.23)

Other models have been developed to take into account additional parameters that
have an influence on the cell’s temperature, e.g. wind speed (w s). In case of Sandia
model [62], w s is correlated to the Tcel l using two empirical variables a and b as shown
in equation 2.24. On the other hand, Faiman [70] introduced the variables U0 and U1

which represent the conductive and the convective heat transfer components, respec-
tively. This is illustrated in the equation 2.25. A similar model has been introduced by
Janssen et al. [71] adapting for bifacial modules the one used in PVSyst. It includes the
module’s conductivity UL and the reflection coefficientαr , as described in equation 2.26.

Tcel l = Tamb +Gtot ·exp(a +b ·w s) (2.24)

Tcel l = Tamb +
Gtot

U0 +U1 ·w s
(2.25)

Tcel l = Tamb +
αr ·Gtot ·

(
1−η)

UL
(2.26)

Further complex models can be obtained by taking into account additional variables
such as the efficiency value, the transmittance and the absorption coefficient, as pro-
posed by Duffie and Beckman [72] and implemented by Skoplaki and Palyvos [65]. A
generalization of this model is recommended by Patel et al. [73] to take into account
the sub-bandgap absorption, being more relevant for bifacial modules with respect to
the monofacial case. Lastly, complex fluid-dynamics models are also used in thermal
modeling of bifacial PV modules [14], [16], [74], which are based on the heat transfer
equations [64], [75]. Such models involve a large number of variables and investigate the
thermal behaviour of each layer of the solar cell, requiring a significant computational
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time.

In conclusion, the studies concerning bifacial PV modeles available in the literature
present a large variety of thermal models. Similarly to the optical models, the choice
is determined by its application’s purpose, in particular by scale of the simulation, e.g.
number of locations. Therefore, global analysis prefer fast thermal model such as the IN-
OCT whereas there are studies limited to few locations that have implemented detailed
heat transfer models for their simulations.

2.2.6. CHARACTERISTICS OF THE MODEL IMPLEMENTED FOR THIS STUDY

The literature review concerning the main bifacial PV models available in literature have
highlighted the main directions that can be taken depending on the specific application.
Since the objective of this study is to perform a global analysis to understand the optimal
farm configuration, a low computational time is the main requirement.

Concerning the approach to follow while developing the optical model, 2D view fac-
tor method represents the only feasible solution to perform a global analysis, i.e. iterat-
ing the simulations over a large number of locations. Even though 3D view factor and
ray-tracing techniques can lead to more accurate results, the high computational time
involved prevents their application in this analysis. However, the large-scale of the PV
farms considered in this study decreases the influence of the edge effects on the overall
performance, limiting the effect of the 2D assumption. On the other hand, the influence
of the racking structure cannot be capture by view factor models. In conclusion, 2D view
factor approach seems to be the optimal solution in terms of accuracy and computa-
tional time.

In the previous subsection, the effect on the modelling accuracy caused by the non-
uniformity of the rear irradiance and the use of spectral data have been discussed. Prior
analysis available in literature have highlighted the importance of integrating such as-
pects in bifacial PV models. Nevertheless, their implementation is limited to small-scale
studies, where the simulations are performed only over few locations. This can be no-
ticed in the classification shown in figure 2.18, where the selected global analysis take
into account up to one of these two aspects [4], [11], [21], [25], [73], [76]. In particu-
lar, their models usually consider the irradiance incident in the middle of the module as
representative for the entire surface and the spectral impact is either included through a
corrective coefficient or neglected. These limitations arises from the necessity to have a
low computational time that enables a worldwide analysis. On the other hand, includ-
ing such aspects entails extending the dimensions over the problem from one to three,
since in addition to the time dimension, a spatial and a spectral dimension should be
added. This means that besides calculating the incident irradiance for every hour (time
dimension), such calculation should be iterated for every cell along the module’s sur-
face (spatial dimension) and for every wavelength of the spectrum (spectral dimension).
The challenge of this work consists in integrating such aspects while limiting their effect
on the computational time. A multi-dimensional matrix approach will be introduced to
achieve this goal by taking advantage of the matrix nature of MATLAB software.
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>10 LOCATIONS SPECTRAL IMPACT

NON-UNIFORMITY OF REAR IRRADIANCE

BIFACIAL PV MODELS: Model developed in this work

Model available in the literature

Figure 2.20: Venn diagram of the bifacial PV models available in literature

The previous discussion is summarized by the Venn diagram in figure 2.20, where
the gap concerning existing bifacial PV models is evident. Therefore, the purpose of this
study is to create a model positioned in the middle of the diagram, which considers both
the effect of the non-uniformity of rear irradiance and the spectral impact while per-
forming a global analysis.

Another peculiarity of the model that will be developed during this study is the possi-
bility of selecting different design parameters for every row of the PV farm, i.e. tilt, height
and row-to-row distance. The purpose of this feature is to enable the simulation of PV
farm with unconventional configurations, which can be either the outcome of forced re-
strictions during the design phase or an experimental test to obtain beneficial effects on
the power curve of the PV farm. However, such additional feature requires the extension
of the problem to a fourth spatial dimension, since the irradiance calculation would also
be iterated along the different rows of the farm. As described in the previous paragraph,
the aim of this work is to develop a multi-dimensional matrix approach, hence the addi-
tional dimension should not impact the performance of the model significantly.

Concerning the choice of the thermo-electrical model, different possibilities will be
tested in order to find the optimal solution. The choice will be led by two different crite-
ria. The first criterion concerns the availability of the data required for the simulations
whereas the second criterion is related to the computational time, which should not ex-
ceed the order of magnitude of the optical model.
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METHODOLOGY

This chapter describes the methodology adopted in this work to answer the research
questions introduced in chapter 1, which concern the development a model to simu-
late a bifacial PV farm and to investigate the optimal configuration. In particular, in
this chapter the modelling phase is explained in detail. Section 3.1 focuses on the op-
tical model, whose purpose is to estimate the irradiance incident on both sides of the
modules. Subsequently, the thermo-electrical model that converts the irradiance infor-
mation into electrical power is outlined in section 3.2. Then, an elementary model for
the electricity market is developed to compare different farm configurations not only in
terms of energy yield but also under an economical perspective. This is described in
section 3.3. In conclusion, the selection of the appropriate database for gathering input
data used in the simulations is discussed in section 3.4.

3.1. OPTICAL MODEL

This section describes of the optical model that estimates the irradiance incident on the
modules of a bifacial PV farm, appointed also as irradiance model. It has been imple-
mented in MATLAB and the various choices and assumptions arises from the literature
review of different studies outlined in chapter 2. This section is organized as follows.
First, subsections 3.1.1 and 3.1.2 outline the main characteristics of the model and its
structure, which assure the optimal trade-off between the computational performance
and the accuracy of the output. In the subsection 3.1.3, the method used to calculate
the irradiance components is explained, whereas subsection 3.1.4 describes the algo-
rithm developed to identify the portions of shaded ground below the modules. Subsec-
tion 3.1.5 explains the process used to recognize the different elements seen by a PV cell
within its angular view. Lastly, subsections 3.1.6, 3.1.7 and 3.1.8 describe the methods
adopted to calculate the sky irradiance, the irradiance reflected by the ground and by
the neighbouring modules, respectively.
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3.1.1. MAIN CHARACTERISTICS AND ASSUMPTIONS
The main characteristics of the model have already been introduced in subsection 2.2.6
and are summarized in the following list:

• 2D view factor approach

• Calculation of the incident irradiance on cell level

• Spectral irradiance is considered

Concerning the approach to adopt for the optical model, view factor and ray-tracing
have been considered. The literature review presented in subsection 2.2.1 has shown
that the increase in accuracy obtained by the latter technique requires a significant com-
putational time, hence it is not applicable for a global analysis where many simulations
are performed. On the other hand, the former method neglects the influence of elements
such as the racking structure. The view factor approach is also limited to the 2D approx-
imation, increasing the speed of the algorithm by neglecting the edge effects. However,
the impact of such simplification decreases when considering large-scale farms, which
aligns with the objective of this research.

The other two characteristics, i.e. the calculation of irradiance on cell level and the
use of spectral values, are implemented to take into account the effect of the non-uniformity
of rear irradiance and the spectral impact, respectively. In the literature review it has
been shown that such effects have a significant impact on the accuracy of the model,
hence their neglect would decrease the reliability of the outcome of this analysis. As
mentioned in subsection 2.2.6, this involves an increase in the dimension of the prob-
lem, which is tackled using the MATLAB functionalities for matrix calculation.

As introduced in subsection 2.2.6, this model allows to test unconventional config-
urations enabling different design parameters at each row. Unlike most of the models
found in literature, where the irradiance incident on a module’s row is multiplied for
the total number of rows to obtain the total farm values, the process is iterated for each
row individually. Such feature allows the user to select different tilt, height and distance
values at each row. The challenge consists in performing such iteration through matrix
calculations without limiting the performance of the model in terms of computational
time.

3.1.2. STRUCTURE OF THE MODEL
In this section, the main structure of the irradiance model is outlined, focusing on the
input required to calculate the irradiance on each solar cell, which is the output of the
model. Flowcharts are used to understand the operating logic of the algorithm and the
strategy implemented to achieve efficient computational performance is mentioned.

INPUT

The input of the irradiance model can be distinguished in the following categories:

• Specifications of the PV modules: the length of the modules (l ) and the cells (c) are
used as input as well as the reflectivity (r ) of the PV modules.
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• Design parameters of the PV farm: these include for each row of modules the tilt
angle (θ), the orientation angle (Am), the elevation from the ground (h) and the
distance (d) between each row.

• Ground segmentation parameters: the length (g ) of the ground segments and the
extension (ext ) that defines the boundaries of the considered ground determine
the accuracy of the calculations. Further details about these variables are included
in subsection 3.1.4.

• Meteorological and location-specific parameters: both the information about the
irradiance intensity, namely direct normal irradiance (DN I ) and diffuse horizontal
irradiance (D H I ), and the sun’s position, i.e. sun’s altitude (as ) and sun’s azimuth
(As ), are required as input for the model. Furthermore, the atmospheric pressure
(p) and the day of the year (doy) are necessary to calculate the different irradiance
components. Lastly, the ground albedo (ρ) is the location-specific key parameter
that determines the ground reflected irradiance, which ensures the higher irradi-
ance for bifacial modules with respect to their monofacial counterpart. For the
ground albedo values, as well as for DN I and D H I , the model enables the use of
spectral values to increase the accuracy of the output.

Table 3.1 summarizes the input required by the optical model.

OUTPUT

The output of the optical model consists in the incident irradiance on the PV modules
emitted or reflected by different sources:

• Sky irradiance

• Irradiance reflected by the ground

• Irradiance reflected by the neighbouring modules

These irradiance values are calculated for the front side as well as for the rear side of
the PV modules. Moreover, the spatial resolution of the output is on cell level, i.e. dif-
ferent values of irradiance are obtained for each solar cell that constitute the modules,
highlighting the non-uniformity typical of rear irradiance of bifacial PV modules. In case
spectral values are used as input for DN I , D H I and ground albedo, these output values
are given for the provided spectral range. Table 3.2 summarizes the output that can be
calculated through this optical model.

FLOWCHART

The structure of algorithm developed in MATLAB to implement the irradiance model is
outlined in figure 3.1. As depicted in the figure, the main model can be divided into three
different sections. First, the irradiance components are calculated using the Perez model
[77], as it will be discussed in subsection 3.1.3. Second, a segmentation of the ground is
performed, calculating the sky view factor of each ground segment, also identified as



3

34 3. METHODOLOGY

Table 3.1: Input of the optical model

Category of input Input parameter Symbol Unit Comments

PV modules’
specifications

Module’s length l [m]

Cell’s length c [m]

Module’s reflectivity r [−]

Design parameters of
the PV farm

Orientation Am [◦] Only one value can be
used for the whole farm

Tilt θ [◦] Different values can be
assigned to each row

Row-to-row distance d [m] Different values can be
assigned to each row

Height h [m] Different values can be
assigned to each row

Ground
segmentation
parameters

Length of ground
segment

g [m]

Ground extension ext [m]

Meteorological and
location-specific
parameters

Direct normal
irradiance

DN I [W /m2],
[W /m2nm]

Spectral data are
supported

Diffuse horizontal
irradiance

D H I [W /m2],
[W /m2nm]

Spectral data are
supported

Sun’s azimuth As [◦]

Sun’s altitude as [◦]

Day of the year doy [d ay]

Atmospheric
pressure

p [Pa]

Ground albedo ρ [−] Spectral data are
supported

Table 3.2: Output of the optical model

Output parameter Symbol Unit Comments

Sky irradiance incident on the front cells I f r ont ,sk y [W /m2],
[W /m2nm]

Spectral values
are supported

Sky irradiance incident on the rear cells Ir ear,sk y [W /m2],
[W /m2nm]

Spectral values
are supported

Ground reflected irradiance incident on the
front cells

I f r ont ,g r ound [W /m2],
[W /m2nm]

Spectral values
are supported

Ground reflected irradiance incident on the rear
cells

Ir ear,g r ound [W /m2],
[W /m2nm]

Spectral values
are supported

Irradiance incident on the front cells reflected by
neighbouring modules

I f r ont ,mod [W /m2],
[W /m2nm]

Spectral values
are supported

Irradiance incident on the rear cells reflected by
neighbouring modules

Ir ear,mod [W /m2],
[W /m2nm]

Spectral values
are supported
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shaded or unshaded. A detailed description of this step is present in subsection 3.1.4.
Lastly, the different incident irradiance components are calculated. This part can be
divided into two separate sub-models and their flowcharts are depicted in figures 3.2
and 3.3, respectively. Both sub-models begin with the identification of the field of view
of the solar cells to the different elements, i.e. sky, ground and neighbouring modules,
which is explained in subsection 3.1.5. Subsequently, the first sub-model calculates the
incident sky irradiance and ground reflected irradiance, as described in subsections 3.1.6
and 3.1.7. On the other hand, the second sub-module uses these values to estimate the
incident irradiance on each cell due to the reflections from the neighbouring modules.
This is further described in subsection 3.1.8.

MULTI-DIMENSIONAL MATRIX APPROACH AND DECOUPLING

As anticipated in the previous sections, the challenge concerning the trade-off between
accuracy and computational time is tackled through a multi-dimensional matrix ap-
proach. This is based on the MATLAB feature that facilitates matrix calculations. There-
fore, the strategy adopted in this model consists in the use a four-dimensional matrix
as a base unit to perform the calculations: the first dimension represents the modules’
row within the farm, the second dimension refers to the position of the cell within the
module, then multiple time periods are considered simultaneously along the third di-
mension, and lastly the fourth dimension represents the wavelength of the spectrum.

Such method involves calculations between matrices up to the sixth dimension, for
instance when the segmentation of the ground and different angular sectors add two
additional dimensions to the operations. This method increases the complexity of the
algorithm, e.g. if-statements and loops are replaced by logical matrices or other opera-
tions. However, the computational speed is increased up to 20 times for a 4-rows farm
and the benefits of this approach are expected to be even more evident in case of larger
farms’ simulations.

Despite the significant increase in the performance, preliminary tests have shown
that the computational time required for a global simulation was still substantial and
therefore improvements were needed. For this purpose, a new version of the algorithm
have been developed which is based on the decoupling of the different dimensions. In
particular, such decoupling regards the spectral dimension and it is achieved by assum-
ing that the shape of the spectrum of the different irradiance components is not depen-
dent on time. This methods aligns with the input data available which will be extensively
described in section 3.4. The main difference while implementing this modification con-
sists in the output of the optical model. These are integrated values that are used in the
thermo-electrical model not only to obtain the broadband value of incident irradiance,
but also as weights to find the proper shape of the spectrum.

3.1.3. IRRADIANCE COMPONENTS

The purpose of this section is to outline the procedure adopted to calculate the different
components of the irradiance incident on the elements of the PV farm. This method is
based on the work of Perez et al. [77] and described in [78], widely known as Perez Sky
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Start

Location data:
- Day of the year (doy)

- Sun’s azimuth (As )
- Sun’s altitude (as )

- Albedo (ρ)

Meteorological data:
- DN I
- D H I

- Pressure (p)

PV module’s specs:
- Cell’s length (c)

- Module’s length (l )
- Reflectivity (r )

Design paramters of the farm:
- Orientation (Am )

- Row-to-row distance (d)
- Height (h)

- Tilt (θ)

Ground accuracy parameters:
- Length of ground segment (g )
- Extension of the ground (ext )

INPUT DATA

Calculate sun’s position (As ,as )

Calculate Extraterrestrial Irradiance (Ea ) and Absolute Air Mass (AMa )

Calculate Isotropic (Idi f f ,i so ) and Circumsolar (Idi f f ,ci r c ) components of Diffuse Irradiance

IRRADIANCE COMPONENTS

Determinate the shadows’ extremes on the ground due to modules’ self shading

Ground segmentation: divide the ground in segments, each identified as shaded/unshaded

Calculate the sky view factor (SV Fg ) and ag term for each ground segment

GROUND

Calculate AOI3d and AOI2d
for the tilt of the selected row

Select the relevant parameters
(h,d ,θ) of the neighbouring modules

Calculate the sky and ground reflected irradiance incident on the front
(I f r ont ,sk y ,I f r ont ,g r ound ) and the rear (Ir ear,sk y ,Ir ear,g r ound ) cells

Select of the total rear and front irradiance
(mean values) of the neighbouring modules

Select the relevant parameters
(h,d ,θ) of the neighbouring modules

Calculate the irradiance reflected by the neighbouring modules
incident on the front (I f r ont ,mod ) and the rear (Ir ear,mod ) cells

FOR EACH ROW

FOR EACH ROW

IRRADIANCE ON THE MODULES

Irradiance on each cell of each module of the solar farm

OUTPUT DATA

End

Figure 3.1: Flowchart of the optical model
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Start

Module’s
parameters/specs:

h, θ, l , c

Neigh. modules’
parameters:

h, d , θ

External conditions:
DN I , Idi f ,i so , Idi f ,ci r c ,

ρ, AOI3d , AOI2d

Cell’s
parameters:

x

Ground arrays:
extremes’ array,

SV F array,
ag array

INPUT DATA

Identify the angular sectors of the cell’s view that correspond to
the sky (s), ground (g) and neighbouring modules (m)

VIEW FIELDS

Is the ground seen
by the cell?

Identify which ground segments are
seen by the cell (active segments)

Calculate the AOI2d of ground reflected
irradiance for each ground segment

Calculate f AOI for each ground segment

Calculate V Fc→g for each ground segment

Ig = ρ ·V Fc→g · f AOI ·
·(ag · (DN I + Idi f ,ci r c )+

+SV Fg · Idi f ,i so )

Ig r ound =∑act . seg . Ig

Ig r ound

GROUND REFLECTED IRRADIANCE

Yes

No Is the sky seen
by the cell?

Calculate SV F

Calculate f AOI ,di f

Idi f = SV F · f AOI ,di f ·
·Idi f ,i so

Is the cell
unshaded?

Calculate ask y

Calculate f AOI ,di r

Idi r = ask y · f AOI ,di r ·
·(DN I + Idi f ,ci r c )

Isk y = Idi f + Idi r

Isk y

SKY IRRADIANCE

Yes

No

Yes

No

End

Figure 3.2: Flowchart of the sub-model to calculate sky and ground irradiance
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Start

Module’s
parameters/specs:

h, θ, l , c

Neigh. modules’
parameters:

h, d , θ

Reflectivity of
PV modules: r

Cell’s
parameters:

x

Irradiance incident
on neigh. modules

(ground+sky):
I f r ont , Ir ear

INPUT DATA

Identify the angular sectors of the cell’s view that correspond to
the sky (s), ground (g) and neighbouring modules (m)

VIEW FIELDS

Identify which module (left/right) corresponds to each
angular sector (Ile f t/r i g ht , f r ont , Ile f t/r i g ht ,r ear )

Determine which side of these modules is
seen (Ile f t , f r ont/r ear , Ir i g ht , f r ont/r ear )

Calculate V Fc→nei g h. for each module seen

Calculate f AOI for each module seen

Inei g h. = r ·Vc→nei g h. · f AOI · Il e f t/r i g ht , f r ont/r ear

Imod

NEIGH. MOD. REFLECTED IRRADIANCE

End

Figure 3.3: Flowchart of the sub-model to calculate the irradiance reflected by the neighbouring modules
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Diffuse Model. This allows the distinction between three different components of dif-
fuse irradiance, namely isotropic (Idi f ,i so), circumsolar (Idi f ,ci r c ) and horizon (Idi f ,hor ),
which are described in equations 3.1, 3.2 and 3.3, respectively. Unlike the expressions
described in [78], these parameters are defined for a surface perpendicular to the direct
irradiance direction (cos(AOI ) = 1) characterized by a sky view factor equal to 1. The
information concerning the angle of incidence and the sky view factor will be included
separately for each element.

Idi f ,i so = D H I · (1−F1) (3.1)

Idi f ,ci r c = D H I ·F1 ·
(

1

b

)
(3.2)

Idi f ,hor = D H I ·F2 · sin(θ) (3.3)

The coefficients b, F1 and F2 have been calculated using the formulas provided by [78],
which depend on the sun’s altitude (as ), the extraterrestrial radiation (Ea) and the abso-
lute air mass (AMa). The latter parameters require the atmospheric pressure (p) and the
day of the year (doy) to be calculated.

3.1.4. GROUND
The presence of PV arrays prevents part of irradiance to reach the ground, causing a
shadows’ pattern that depends on the configurations of the farm and its geometrical
parameters. This subsection aims to identify each portion of the ground as shaded or
unshaded and to calculate its sky view factor. In this model, a horizontal ground surface
is considered and the shadows created by the mounting structure of the modules are
neglected.

IDENTIFICATION OF THE SHADOWS ON THE GROUND

Considering the 2D model introduced in the previous sections, the first step consists in
the calculation of the projections of the direct sun rays to the ground surface, in order to
determine the extremes of the different shadows. These are calculated for each module
of the farm, using the equations 3.4, and 3.5.

y1 =
h − l

2 sin(θ)

tan(φs )
− l

2
cos(θ) (3.4)

y2 =
h + l

2 sin(θ)

tan(φs )
+ l

2
cos(θ) (3.5)

These formulas refer to the a reference system centered on the middle point of the
array, hence the extremes are then shifted accordingly. Due to the 2D geometric assump-
tion of the model, φs is the projected angle of the sun’s rays that depends on as and As

through the relation 3.6.

φs = max

[
0,arctan

(
tan(as )

cos(Am − As )

)]
(3.6)
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y1 y2

φs φs

θ
l

h

Figure 3.4: Extremes of the shadow on the ground

SEGMENTATION OF THE GROUND

By applying the procedure explained in the previous section, an array of segments con-
taining the binary information shaded/unshaded is obtained. The length of such seg-
ments is relatively large, i.e. they have the same order of magnitude of the PV modules’
length. Such information is used to determine whether each ground portion receives
both direct and diffuse irradiance or only the latter component.

To quantify the diffuse irradiance incident on the ground, the sky view factor (SV Fg )
has to be calculated, which defines the portion of the sky seen by the ground. Unlike
the shadows’ information, SV Fg is a continuous function along the spatial coordinate
that depends on the geometrical configuration of the PV farm, hence adopting a single
value for each shaded or unshaded ground’s section would decrease significantly the ac-
curacy of the results. For this purpose, a segmentation of the ground is performed. This
means that the ground below the PV farm is divided into small segments characterized
by a length g , which is an input parameter of the model that determines the accuracy
of the results. In this model, it is assumed that a segment is considered shaded only if
completely included in the boundaries of shadows caused by the PV arrays. However,
the error caused by this assumption is negligible until g is kept sufficiently small.

Another parameter that defines the accuracy of the model at this stage is the extent
(ext ) of the ground that is considered at the boundaries of the PV farm. This is given
as input to the model and determines the extremes (yst ar t , yend ) of the ground that is
divided into segments with a length g , as described in the equations 3.7. y1,1 and y2,n

indicate the first extreme of the shadow caused by the first row and the second extreme
of the shadow caused by the last row, respectively.

yst ar t = y1,1 −ext yend = y2,n +ext (3.7)

For all these segments the SV Fg is calculated as explained in the next section. More-
over, two semi-infinite segments are added at the beginning and at the end of the array,
which are characterized by SV Fg = 1 and considered unshaded. This means that the
farm is assumed not to be surrounded by other shading objects.

SKY VIEW FACTOR OF GROUND’S SEGMENTS

As introduced in the previous subsection, the diffuse light does not penetrate uniformly
to the ground below the PV array since the portion of the sky seen differs for each ground
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Figure 3.5: Sky view factor of a ground segment

segment. This information is expressed through the SV Fg , which is therefore calculated
for each ground segment. In this model it is assumed that every ground segment can see
the sky only through the three gaps between the four nearest modules’ row, as described
in figure 3.5.

First, the angles between the mid-point of the ground segment and the extremes of
the four relevant modules are determined. These angles γ1 −γ6 are highlighted in fig-
ure 3.5 and can be determined from the geometrical parameters of the farm through the
expressions included in the Appendix B. As depicted in figure 3.5, the model allows un-
conventional configurations where different modules’ height, tilt angles and distances
can be used within the same PV farm. The SV Fg is determined using the expression
3.8, which is based on Hottel’s cross string rule and considers the three angular sectors
mentioned in the previous paragraph.

SV Fg = cos(γ1)−cos(γ2)

2
+ cos(γ3)−cos(γ4)

2
+ cos(γ5)−cos(γ6)

2
(3.8)

SHADED/UNSHADED INFORMATION FOR GROUND’S SEGMENTS

In addition to the SV Fg that is used to determine the contribution of isotropic diffuse
components, ag is calculated for each ground’s segment, as shown in equation 3.9. This
coefficient is used to quantify the amount of direct and circumsolar diffuse irradiance
components incident on the ground segments.

ag =
{

0 if the segment is shaded

max
(
0,cos(AOIg )

)
if the segment is unshaded

(3.9)

AOIg is the angle of incidence of the solar radiation on the ground segment. Since
a horizontal surface is assumed, the expression for cos(AOIg ) simplifies as described in
equation 3.10.

cos(AOIg ) = sin(as ) (3.10)
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3.1.5. FIELD OF VIEW OF THE SOLAR CELLS

The estimation of the irradiance received by each cell on both sides of a PV module re-
quires an accurate calculation of the "field-of-view" of each solar cell. This means that
all the elements seen by each cell have to be identified in order to calculate the view fac-
tors correspondent to each element, which are discussed in the next sections separately.
In this model such elements are limited to the sky, the ground and the neighbouring
modules, since it is assumed that there are not other surrounding objects that influence
the performance of the PV farm. Furthermore, to limit complexity of the model, only
the two neighbouring modules are considered while determining the field-of-view, i.e.
one module on the left and one module on the right with respect to the module that is
examined. Due to the two-dimensional assumption of the model, the view of a solar cell
is limited to 180◦ and each element seen by the cell can be identified through an angular
sector within this range. Therefore, the objective of this section is to obtain such 180◦
field of view for each cell of the farm, where the angular range of each element seen by
the cell is specified. An example is provided for a front cell and a rear cell in figures 3.6
and 3.7, respectively.

The procedure to calculate the field of view can be summarized as follows. First,
the angles between the cell and each of the relevant neighbouring modules are deter-
mined. They depend on the geometrical parameters of the PV farm, namely the height
(h1,h2,h3) and the tilt angles (θ1,θ2,θ3) of the neighbouring modules that are consid-
ered, as well as the row-to-row distances (d1,d2), the position of the cell (x) and its length
(c). These relations are described in the equations B.11-B.18 provided in the Appendix
B, which refer to the cases depicted in the figures 3.6 and 3.7. In case of unconventional
configurations, the algorithm sorts the angles appropriately and limit their values in the
range [0◦−180◦]. Lastly, the angular sectors indicating the boundaries of the elements
within the view range of the cell are calculated. Each of these angular sectors is associ-
ated to its correspondent element (sky, ground or neighbouring modules).

3.1.6. SKY IRRADIANCE

In this subsection the method used to calculated the sky irradiance is explained. From
the field-of-view obtained in the previous step, the algorithm individuates for each cell
the angular sector that corresponds to the sky, irrespective it belongs to the front or the
rear side. Such information is used to determine whether the cell is shaded or unshaded.
For this purpose, the projection of the angle of incidence (AOI2d ) is calculated, as shown
in equations 3.11 and 3.12, which refer to a front and a rear cell, respectively. As it can
be observed in these equations, the reference system is chosen in order to match the
definition of the field-of-view, which differ from the traditional definition of the three-
dimensional AOI mentioned in other sections. In case such angle lies in the sky angular
sector, the cell is considered unshaded, otherwise it is marked as shaded. In the latter
situation, only the isotropic diffuse irradiance is received by the cell otherwise also the
direct component and the circumsolar component of diffuse irradiance are considered.

AOI2d , f = arctan

(
sin(as )

cos(as ) ·cos(As − Am)

)
+θ (3.11)
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AOI2d ,r =−arctan

(
sin(as )

cos(as ) ·cos(As − Am)

)
−θ (3.12)

The total sky irradiance incident on a cell is calculated using equation 3.13. The term
Idi f ,hor is not included in this expression since it is neglected due to its limited contri-
bution, similarly to [5].

Isk y = ask y · f AOI ,di r · (DN I + Idi f ,ci r c )+SV F · f AOI ,di f · Idi f ,i so (3.13)

The ask y factor includes the information about the angle of incidence and whether
the cell is shaded or unshaded. This is shown in equation 3.14, where AOI refers to the
widely defined angle of incidence, defined in 3.15 and 3.16 for a front and a rear cell,
respectively.

ask y =
{

cos(AOI ) if the cell is unshaded

0 if the cell is shaded
(3.14)

cos(AOI f ) = sin(θ) ·cos(as ) · (Am − As )+cos(θ) · sin(as ) (3.15)

AOIr =π− AOI f (3.16)

The terms f AOI ,di r and f AOI ,di f are the AOI correction factors for the direct and
the diffuse irradiance. These are based on the theory of Martin and Ruiz [79] hence
the formula 3.17 is used. The AOI2d follows the reference system mentioned previ-
ously. The coefficient ar is set equal to 0.155, referring to a technology’s configuration
Air/glass/SiO/Si. Unlike to f AOI ,di r where the angle of incidence is used, f AOI ,di f refers
to the entire angular sector of the sky within the field-of-view of the cell. Therefore, the
average between the f AOI of a one-degree-resolution series of angles within the extremes
of the angular sector is adopted. An example of the dependence of f AOI on the angle of
incidence is shown in figure 3.8.

f AOI =
1−exp −sin(AOI2d )

ar

1−exp −1
ar

(3.17)

Lastly, the SV F is calculated using the angles that defines the sky angular sector of the
field-of-view, indicated in equation 3.18 as γ1 and γ2.

SV F = cos(γ1)−cos(γ2)

2
(3.18)

3.1.7. GROUND-REFLECTED IRRADIANCE
The irradiance incident on the ground and reflected to the PV modules represents a
significant component in bifacial modules, giving the highest contribution for the rear
side irradiance in conventional configuration. Therefore, an accurate estimation of the
ground reflected irradiance is essential to calculate the total irradiance incident on bifa-
cial PV modules.
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Figure 3.8: AOI corrective factor for various technologies [79]

As explained in section 3.1.4, a ground segmentation has been performed and the
factors ag and SV Fg have been calculated for every ground segment, which determine
the amount of direct and diffuse component of incident irradiance. Depending on the
geometrical configuration of the PV farm, the view of each cell is limited to certain num-
ber of ground segments. Therefore, to calculate the total ground reflected irradiance that
is incident on a specific solar cell, the segments seen by such cell are selected. These seg-
ments are appointed as "active segments". They can be obtained from the field-of-view
of each cell, considering the angular sector that corresponds to the ground, as described
in subsection 3.1.5. From such angular sector, the extremes that delimit the active seg-
ments are obtained, irrespective of the fact that the cell belongs to the front or the rear
side of the module. An example is shown in figure 3.9. The algorithm recognizes as active
only the cells that are completely enclosed in ground view of the cell, hence a segment
that is crossed by the projection of the view is considered inactive. The ground reflected
irradiance incident on a cell is calculated using the equation 3.19, where the contribu-
tion of all the active segments is summed.

Ig r ound = ρ · ∑
active

segments

f AOI ·V Fc→g ·
(
ag · (DN I + Idi f ,ci r c )+SV Fg · Idi f f ,i so

)
(3.19)

The factor f AOI indicates the AOI correction calculated using equation 3.17, where the
angle of incident depends on the positions of the segment and the cell. For this pur-
pose, the middle points of the cell and the ground segment are considered. SV Fg and ag
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Figure 3.10: View factor between a cell and a ground segment

determine the amount of irradiance received by each segment and they are calculated
using the expressions 3.8 and 3.9, as discussed in subsection 3.1.4. Lastly, V Fc→g is the
view factor between the cell and the ground segment considered. It is calculated using
Hottel’s cross strings rule, as shown in equations 3.20-3.24 and described in figure 3.10.

AC =
√(

h +
(

x − l

2

)
· sin(θ)

)2

+
(

y1 −
(

x − l

2

)
·cos(θ)

)2

(3.20)

AD =
√(

h +
(

x − l

2

)
· sin(θ)

)2

+
(

y2 −
(

x − l

2

)
·cos(θ)

)2

(3.21)

BC =
√(

h +
(

x − l

2
+ c

)
· sin(θ)

)2

+
(

y1 −
(

x − l

2
+ c

)
·cos(θ)

)2

(3.22)

BD =
√(

h +
(

x − l

2
+ c

)
· sin(θ)

)2

+
(

y2 −
(

x − l

2
+ c

)
·cos(θ)

)2

(3.23)

V Fc→g = BC − AC + AD −BD

2 · c
(3.24)



3.1. OPTICAL MODEL

3

47

3.1.8. IRRADIANCE REFLECTED BY THE NEIGHBOURING MODULES
Not all the light that is incident on the PV modules is effectively absorbed since a limited
fraction is transmitted or reflected. Although the contribution of the latter is marginal,
it has to be considered for an accurate estimation of the irradiance. This section aims to
model the irradiance reflected by the neighbouring modules that affects the total irradi-
ance incident on a cell.

First, the modules seen by the specific cell have to be identified from its field of view.
In particular, the angular sectors of the field of view that correspond to a neighbouring
module are recognized by the algorithm. The position of these modules with respect to
the considered cell is determined from their geometric parameters. Only two neighbour-
ing modules are considered to limit the complexity of the model, i.e. one module on the
left and one on the right. This assumption is inherited from the definition of the field of
view in subsection 3.1.5. Furthermore, the algorithm associates each of these modules to
the side (front or rear) seen by the cell. This step is trivial for conventional configurations
of PV farms whereas it requires a procedure that depends on the geometric parameters
in case of unconventional cases, which are allowed by this model. The identification of
the neighbouring modules and their sides seen by the cell is required to quantify the ir-
radiance incident on them that is reflected to the considered cell. Such irradiance is the
sum between the sky and the ground reflected irradiance calculated in subsections 3.1.6
and 3.1.7 for each cell of every module of the farm. Although different spatial values
have been calculated for each module, an average incident irradiance is considered to
limit the complexity of the problem. This is indicated as Ii nci dent nei g h mod in equation
3.25, where the irradiance reflected by the neighbouring modules that is incident on a
solar cell is calculated. This expression also includes the view factor between the cell
and the neighbouring module (V Fc→m) and the AOI correction factor ( f AOI ), defined in
equation 3.17. The latter parameter is calculated similarly to the isotropic diffuse sky
component since such irradiance is coming from an angular sector instead of a specific
angle.

Imod = r ·V Fc→m · f AOI · Ii nci dent nei g h mod (3.25)

The parameter r is the reflectivity of the PV modules, which depends on the specific
PV technology. In this research it is assumed to be equal to 0.1 and it can be considered
representative of each technology since its influence to the total irradiance estimation is
marginal. Moreover, in case of spectral data the value of r is assumed to be constant for
every wavelength.

The calculation of V Fc→m is based on Hottel’s cross string rule. The expression used
for this purpose depends on the few cases based on the geometric configuration of the
farm, for instance whether the module on the right or the module on the left is seen
by the cell. The complexity is increased by allowing the possibility that the view of the
neighbouring module can be limited due to the tilt of cell. Therefore, equations 3.26-3.29
refer to the conventional case depicted in figure 3.11 and define the coordinates of the
points used to calculate V Fc→m . Symbols ξ1 and ξ2 in equations 3.28 and 3.29 indicate
the angles between the lines that connect the extremes of the cell and the neighbouring
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Figure 3.11: View factor between a cell and the neighbouring module

modules with the vertical direction.{
xa = (x − l

2 ) ·cos(θ1)

ya = h1 + (x − l
2 ) · sin(θ1);

(3.26)

{
xb = (x − l

2 + c) ·cos(θ1)

yb = h1 + (x − l
2 + c) · sin(θ1);

(3.27)

xc = − tan(ξ1− π
2 )·xa+ya+tan(θ2)·d2−h3

tan(θ2)−tan(ξ1− π
2 )

yc = tan(θ3) · (xc −d2)+h3

(3.28)

xd = − tan(ξ2− π
2 )·xb+yb+tan(θ3)·d2−h3

tan(θ3)−tan(ξ2− π
2 )

yd = tan(θ3) · (xd −d2)+h3

(3.29)

From these equations, the length of the segments AC , AD, BC , BD can be easily ob-
tained and V Fc→m is calculated using the expression 3.30.

V Fc→m = BC + AD − AC −BC

2 · c
(3.30)

Lastly, the algorithm also allows configurations where both neighbouring modules,
i.e. on the left and on the right, are seen by the same solar cell. This situation could
occur for unconventional configurations where the rear cell of a horizontal module has
a higher height with respect to the neighbouring modules.

3.2. THERMO-ELECTRICAL MODEL
This section explains the thermo-electrical model used to convert the incident irradi-
ance calculated by the optical model into electrical power. As mentioned during the
literature review outlined in subsection 2.2.5, the thermo-electrical model for bifacial PV
modules is based on the same principle of the monofacial case, hence no relevant mod-
ifications have been added to conventional models widely used so far. However, to take
advantage of the method adopted in the optical model, a multi-dimensional matrix ap-
proach is implemented also in this case. This section is organized as follows. First, the
model chosen to calculate the temperature of the solar cells is explained in subsection
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3.2.1. Second, the implementation of two different approaches for the electrical model
are described in subsections 3.2.2 and 3.2.3.

3.2.1. TEMPERATURE MODEL
In the literature review phase described in subsection 2.2.5 various thermal models have
been analyzed, highlighting their advantages and disadvantages in terms of the trade-
off between the computational time and their accuracy. Given these considerations, two
criteria have been used to choose the proper thermal model for this analysis. First, the
computational time required for the simulations has to be in the same order of mag-
nitude the optical model. Otherwise, the advantages of using a fast matrix-approach-
based optical model would be useless. Such criteria excludes all the thermal models that
require an iteration between the thermal and the electrical parts to converge towards
the solution. Second, the other criteria consists in selecting the methods that involve
only variables that are available in the database adopted for this study, which will be ex-
plained in section 3.4. Therefore, the most appropriate method is the INOCT concept
considering both criteria, which ensures a very fast simulation and the minimum num-
ber of variables. On the other hand, the accuracy of this method is supposed to be the
lowest among the options presented in subsection 2.2.5, but is sufficient for the scope of
the study.

Using INOCT model, the cell temperature is calculated according to the equations
3.31 and 3.32 [68], since a rack mounting configuration is considered. TNOC T is a pa-
rameter of the PV module that can be found in the specification sheet whereas GNOC T is
equal to 800W /m2 from the standards.

TI NOC T = TNOC T −3 (3.31)

Tcel l = Tamb +
Gtot

GNOC T
· (TI NOC T −20◦C

)
(3.32)

Gtot is the total irradiance incident on a solar cell and it is calculated by integrating
the spectral profile. Due to the bifaciality of the solar cells, both sides have to be consid-
ered and the values are summed. This step is described by the equations 3.33, 3.34 and
3.35. The extremes of integration λ1 and λ2 are ideally 0 and +∞ but they are usually
limited within a certain range that depends on the input spectral data.

G f r ont =
∫ λ2

λ1

[
I f r ont ,sk y (λ)+ I f r ont ,g r ound (λ)+ I f r ont ,mod (λ)

]
dλ (3.33)

Gr ear =
∫ λ2

λ1

[
Ir ear,sk y (λ)+ Ir ear,g r ound (λ)+ Ir ear,mod (λ)

]
dλ (3.34)

Gtot =G f r ont +Gr ear (3.35)

In case of decoupling of the spectral dimension, the equations to calculate the irra-
diance follow the same principle but they appear slightly different in practice, since the
complete spectrum is created as an intermediate step from the output weights of the
optical model.
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3.2.2. 1-DIODE ELECTRICAL MODEL
The 1-diode electrical model represents the most popular choice among the studies on
PV modules performance, thanks to its optimal trade-off between accuracy and com-
putational time. These are indeed the reasons that have led the choice of following this
method.

The first step of this model consists in the calculation of the short-circuit current
density (Jsc ) and the open-circuit voltage (Voc ) for each cell of the PV module. These are
calculated in the equations 3.36, 3.37, 3.38 and 3.39, where it is assumed a parallel circuit
between the front and the rear side.

Jsc, f r ont =
q

hc
· (1+k Jsc · (Tcel l −25◦C )

) ·∫ λ2

λ1

I f r ont (λ) ·EQE f r ont (λ)dλ (3.36)

Jsc,r ear = q

hc
· (1+k Jsc · (Tcel l −25◦C )

) ·∫ λ2

λ1

Ir ear (λ) ·EQEr ear (λ)dλ (3.37)

Jsc = Jsc, f r ont + Jsc,r ear (3.38)

Voc =
[

Voc,specs

Ns
+ nk · (Tcel l +273K )

q
· log

(
Gtot

GSTC

)]
· (1+kVoc · (Tcel l −25◦C )

)
(3.39)

In the equations above several terms are present. First, the constants q,h,c,k are the
elementary charge, the Planck’s constant, the light’s speed and the Boltzmann constant,
respectively. k Jsc and kVoc indicate the current and the voltage temperature coefficients,
which can be found on the module’s specs, as well as the number of cells connected
in series (Ns ) and the module’s open-circuit voltage (Voc,specs ). Then, n is the ideality
factor, GSTC is the irradiance at STC equal to 1000W /m2 and Gtot is the total integrated
irradiance calculated in equation 3.35. Lastly, EQE(λ) is the external quantum efficiency
of the modules, and two different curves for the front and the rear side can be used.

Subsequently, the short-circuit current (Isc ) of every cell can be calculated from the
dimensions of the cell as shown in equation 3.40. Moreover, the saturation current (I0)
is determined using the equation 3.41.

Isc = Jsc · l 2 (3.40)

I0 = Isc

exp
(

qVoc
nk·(Tcel l+273K )

)
−1

(3.41)

Even though the short-circuit current is calculated for every cell, the total string cur-
rent is limited by the cell that receives the lowest irradiance. An imbalance of the incident
irradiance among the different cells can be caused by partial shading or non-uniformity
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of the rear component and it is tackled by adopting bypass diodes. In this models, three
bypass diodes have been implemented for each module, each of them connecting strings
of cells whose direction is perpendicular to the plane of interest of the 2D approximation.
In other words, the line that represent the PV module in the plane of interest is divided
into three different regions, each of them connected to a different bypass diode. Such
choice is related to the assumption that the modules are mounted in the landscape con-
figuration, due to the typical connection of bypass diodes in the products available in the
market. The implementation of such aspects in the model consists in considering seven
different combinations for which the three bypass diodes can be active or inactive. The
number of combination is determined as follows: 23 − 1. The number 2 represent the
possible status of the bypass diodes, i.e. active or inactive, whereas the 3 is the num-
ber of bypass diodes present in one module. Lastly, the result is decreased by one unit
since the combination when all the bypass diodes are active is neglected. For each of
these seven different combinations the short-circuit current of each cell is recalculated
considering the limiting effect of the least illuminated cell in the string, extending the
dimension of the problem. The size of this additional dimension is equal to the number
of the combinations, namely 7.

The next step consists in the computation of the I −V curve in the model for each
cell, considering the different possible combinations of the bypass diodes. The resolu-
tion of the I −V curve is a crucial aspect that significantly affects the performance of the
model in terms of computational time, since the dimension of the problem is extended
once more and the resolution determines the size of such dimension. For the simulation
performed in this analysis the resolution is set equal to 0.1 A. This means that for each
cell the I −V curve is determined by current values (I ) from 0 A to Isc value with steps of
0.1 A. The correspondent voltage V is calculated as shown in equation 3.42.

V = kn · (Tcel l +273K )

q
· log

(
Isc − I

I0
+1

)
(3.42)

Once the I −V curve is computed for each solar cell, the P −V curve on module level
is computed by summing the effects of the different cells. The maximum power point
is then found for each module and the most beneficial configuration of bypass diodes is
selected. These steps are implemented through the extraction of the maximum power
value along the dimensions of interest, assuming that a power optimizer is placed on
module level. In conclusion, through the multi-dimensional matrix approach of the al-
gorithm, the power produced by the entire PV farm is calculated by summing the values
obtained for the individual modules.

3.2.3. FILL FACTOR APPROXIMATION
After some preliminary tests, it has been observed that the 1-diode electrical model re-
quires a computational time which is at least one order of magnitude higher than the
optical model to complete a simulation. The reason mainly lies in the increase in the
problem’s dimensions when computing the I −V curve since a high RAM capacity is
required to operate with these matrices. The imbalance would limit significantly the ad-
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vantages of the approach adopted to calculate the incident irradiance, preventing the
global scale of the analysis. Therefore, it is chosen to develop an alternative approxi-
mated model that could achieve high computational performance, slightly decreasing
the accuracy of the results.

This alternative method has to avoid the extension of the dimension caused by the
creation of the I −V curve for every cell. This means that the maximum power point
at which the different cells operate has to be obtained using a different strategy. The
solution adopted in this model is based on the approximation of the fill factor (F F ) using
the expression introduced by Green [80] shown in equations 3.43 and 3.44.

F F = voc − log
(
voc + c f f

)
voc +1

(3.43)

voc = qVoc

k(Tcel l +273K )
(3.44)

The constant c f f is appropriately tuned to minimize the error with respect to the
1-diode configuration. In particular, an optimization technique based on the gradient
method has been used to find the optimal c f f . It is based on the minimization of the
root mean square error (RMSE) between the power generated through this approxi-
mated method and the 1-diode model during a yearly simulation for a given location.
Such process is iterated for 31 locations while the design parameters (tilt, orientation,
distance, height) are kept constant. Therefore, an optimal value of c f f is calculated for
each location but for simplicity the average is used for the analysis shown in this study.

The average value of c f f obtained through is method is approximately 200. This is
highlighted in figure 3.12, where it is compared with all the values obtained for the dif-
ferent locations. Moreover, figure 3.13 shows that the error caused by this approach is
below 0.7% in annual energy yield with respect to the 1-diode model. Lastly, it can be
observed that the value obtained for c f f is significantly larger in comparison to factor
used by Green [80] in his study. The discrepancy can be attributed to the fact that the fill
factor refers to the entire module in this case since the resistance caused by the intercon-
nection between the different cells is not modelled. On the other hand, Green’s formula
refers to an individual solar cell, for which higher fill factor is obtained.

3.3. MODELLING OF THE ELECTRICITY PRICES
The purpose of this analysis includes the study of the optimal configuration for a bifacial
PV farm in relation to the economic revenues that can be achieved, which depend on the
electricity market. Therefore, the instantaneous electricity prices have to be known for
the time period of the simulation. However, the purpose of this study is to provide an an-
swer to the main research question outlined in chapter 1 by considering different market
scenarios, hence simulating various prices’ behaviours. For this purpose, a model that
estimates the a yearly price curve has been developed in this study and it is described in
this section.
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Figure 3.12: Value of c f f obtained for the analyzed locations
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Figure 3.14: Correlation between electricity prices in
2018 and as for few selected countries in Europe

Figure 3.15: Correlation between electricity prices in
2022 and as for few selected countries in Europe

In the introduction presented in chapter 1, it has been shown how different PV farm
configurations are characterized by dissimilar daily power curves. Therefore, the pur-
pose of this modelling phase is to capture the electricity prices’ behaviour on daily basis.
In particular, a clear correlation has been observed between the sun’s altitude (as ) and
the electricity prices. To avoid the impact of the seasonal effects, this investigation is
performed on daily basis. Such correlation has negative values, which means that lower
electricity prices occur during noon, as expected. Moreover, it can be noticed from fig-
ures 3.14 and 3.15 that such correlation has increased (in absolute value) from 2018 to
2022, due to the increase of the PV penetration in the electricity mix of the nations taken
into account. These considerations are based on the electricity prices available in [18].

The relation between the electricity prices and the sun’s altitude is the principle adopted
to model the evolution of the prices in time. The idea consists in defining two different
values: a "noon-price" and a "morning/evening price". The criteria used to assign the
price to a specific timespan is based on as value instead of the hour of the day. There-
fore, proper as values are chosen to make the transition for the two price values. Unlike
a method based on the hour of the day, this enables to take into account the availabil-
ity of the solar energy source in locations characterized by different latitudes. Moreover,
this approach implicitly incorporates a seasonal effect while creating the annual price
curve, and it is illustrated with the following example. Imagine that a particular a′

s value
has been selected as threshold to make the transition between high and low prices. For
instance, in the Netherlands, during the summer the number of hours within a day for
which as > a′

s is higher with respect to the winter. Therefore longer period with higher
prices are present in the winter with respect to the summer in the Netherlands according
to this model.

The modelling of the electricity prices is based on five parameters, which are used as
input to generate an annual price curve together with an as time-series:

• Price ratio (pr ati o)
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• Minimum price (pmi n)

• Minimum as (as,mi n)

• Maximum as (as,max )

• Shape factor ( fshape )

Being linked to the as values, the resolution of the price curve depends on the as

input array, e.g. hourly input values lead to a hourly price curve. The latter oscillates
between the minimum "noon price" identified by pmi n and the maximum "morning/
evening price" calculated as pmi n · pr ati o . Once the higher and the lower boundaries
are defined, such curve could assume in principle various behaviours, for instance sinu-
soidal, rectangular or triangular. Therefore, the remaining three parameters are used to
determine the shape of the electricity price curve, which is assumed to be trapezoidal
in this study. In particular, as,mi n , as,max and fshape defines the transition between the
maximum and the minimum price. First, as values that satisfy the condition as < as,mi n

are associated to the maximum price whereas the minimum price is assigned to as val-
ues such that as > as,max . Subsequently, fshape is an integer number that determines
the presence of intermediate prices between the maximum and the minimum values. In
particular, it is defined as the number of possible prices that can be assumed by the price
curve. For instance, fshape = 2 leads to a rectangular curve that oscillates only between
the maximum and the minimum. On the other hand, increasing fshape by one unit adds
one intermediate price during the transition. However, since the electricity price is de-
termined only by as value, transitional prices are linked only to intermediate as values,
hence such transitional behaviour could not be observed in case of a sharp transition
between a high to a low as , especially when a low time resolution is adopted, e.g. hourly.

These five parameters adopted to model the shape of the electricity price curve have
been tuned using real data, namely annual hourly prices of 8 different European coun-
tries. Moreover different years have been taken into account, i.e. 2018 and 2022, ob-
taining a total of 16 cases. Therefore, the five optimal values that minimize the RMSE
between the real and the approximated prices are calculated for each location. For this
purpose, two different approaches have been tested. In the first approach, an entire
year of prices’ timeseries is given as input to the optimization function. On the other
hand, in the second approach the yearly optimization problem was divided into daily
sub-problems and the optimal values are determined by the averaging 365 values. In
both approaches, the cases when as < 0 have been filtered out, i.e. night values have
been removed. Due to the high impact of the seasonal effects, the latter approach has
been used for the further analysis. Moreover, this choice is justified by the fact that the
main purpose of this study is to draw conclusions related to the shape of the power curve
on daily basis. This means that average pr ati o , pmi n , as,mi n , as,max , fshape are assumed
to be representative for the whole year. Lastly, the definitive five parameters used for the
further analysis are obtained through an average between the 16 cases that have been
used for the tuning.
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Table 3.3: Constant values of the parameters used to model the electricity prices. These are the result of the
tuning based on 16 real cases, as explained in section 3.3.

Parameter Value
as,mi n 5.4◦
as,max 32.5◦
fshape 4

In this study various market conditions will be simulated by changing some of these
parameters. In particular, since the focus of the analysis is the price difference between
the time periods of the day, different pmi n and pr ati o will be tested. On the other hand,
as,mi n , as,max and fshape will be kept constant and their values are presented in table 3.3.

The process of creation of the electricity price curve can be summarized with the ex-
ample shown in figure 3.16. The transitions between each sub-figure represent a relevant
step in this procedure, and they can be described as follows:

1. Observation: correlation (negative) between the as values and the electricity prices.

2. First approximation of the electricity prices: tuning of the five parameters on daily
basis.

3. Second approximation of the electricity prices: assuming that the averages of the
daily values for the five parameters are representative for the whole year.

The main limitation of this model used to estimate the electricity prices consists in
considering only the availability of the solar energy source as factor that has an influence
on the prices, neglecting for instance the impact of other renewable sources, like wind
energy. Moreover, high penetration of PV in the electricity mix is assumed worldwide,
since a limited amount solar power plants would not have a significant impact on the
price curve.

3.4. DATA USED FOR THE SIMULATIONS
In this section, the input data used for the simulations performed in this study are out-
lined. Various databases have been adopted to gather different types of data, for instance
the climate conditions of some selected locations or the spectral albedo curve of a cho-
sen ground type.

102 locations worldwide have been selected for this analysis, following the criteria of
covering the most populated areas of the world. The climate conditions for each of these
location have been obtained using the software METEONORM. The variables that have
been used for each location are summarized in table 3.4 and consist in yearly timeseries
with hourly resolution. Unfortunately, only data from 01/01/2005 to 31/12/2005 were
available, therefore the input data refer to the year 2005. In principle, this can affect the
results of the study since the magnitude of the irradiance has been impacted by the cli-
mate change in the recent years [81]. However, such issue is not expected to influence
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Figure 3.16: Main steps in the modelling of the electricity prices. This example refers to the period 16-18 June
2022 of the Netherlands.
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Table 3.4: Data obtained from METEONORM for the 102 selected locations.

Parameter Symbol
Date and time -
Sun’s altitude as

Sun’s azimuth As

Direct normal irradiance DN I
Diffuse horizontal irradiance D H I
Atmospheric pressure p
Ambient temperature Tamb
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Figure 3.17: Locations selected for this research and their G H I -weighted average diffuse fraction

significantly the outcome of the analysis, which focuses on the comparison of different
farm configurations.

The locations analyzed in this research can be visualized in the map present in fig-
ure 3.17. To classify such locations depending on their climate conditions, their diffuse
fraction has been calculated. However, a weighted-average value is used to avoid the
time-dependence of the variable, where the weighting factor is the G H I value.

The spectral albedo curve used in this study refers to the light soil and it is obtained
from the software SMARTS. The wavelength resolution of this curve is set to 5nm, in
accordance with Riedel-Lyngskær et al. [55], who highlight that a high resolution is not
required to achieve sufficiently accurate results. Moreover, the spectral range is limited
from 280nm to 1200nm since higher wavelengths are not absorbed by the PV module
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Figure 3.18: Spectral albedo for light soil obtained from SMARTS software

based on c-Si, hence they are neglected to reduce the computational time of the simula-
tions. Figure 3.18 shows the albedo curve of the light soil, where higher reflection can be
observed for larger wavelengths.

As anticipated in subsection 3.1.2, in this research an average normalized spectrum
has been used for both direct and diffuse component of the irradiance. Therefore, through
the integrated DN I and D H I values obtained from METEONORM, the spectral irradi-
ance can be reconstructed for each hour of the year. This technique enables the de-
coupling of the spectral dimension, reducing significantly the computational time of the
simulations. Such spectra are calculated through an irradiance-weighted average of the
time-varying spectral irradiance. Subsequently, they have been normalized in order to
contain only the information regarding their shape. These data have been obtained from
a global database with a resolution of one degree of latitude and longitude [82]. There-
fore, the correspondent spectrum is associated to each of the selected location by choos-
ing the nearest point in the database.

Table 3.5 shows the parameters of the modules considered for the PV farm simu-
lated in this study. They are based on the specification sheet of the product LG400N2T-
A5. As shown in the table, six cells are present along the short dimension, which cor-
responds to the length of the modules in the landscape configuration, according to the
2D approximation of the model. Therefore the dimension of cell (c) is assumed to be
c = l /6 = 0.1707m, neglecting the inactive area of the module. Moreover, the ideality
factor (n) and the reflectivity of the modules (r ) are assumed to be equal to 2 and 10%,
respectively. Such values can be considered representative for the main technologies
and a detailed study on such choice is out of the scope of this research, since they have
a limited impact on the outcome of this work.

To take advantage of the spectral characterization of the model, two different EQE
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Table 3.5: PV modules’ specifications adopted in this study, based on the product LG400N2T-A5.

Parameter Value
Dimensions of the module (w · l ) 2.064×1.024m
Cells configuration 6×12
Bypass diodes 3
Cell’s length (c) 0.1707m
Rated power (Pr ated ) 440W p
Short-circuit current (Isc,STC ) 11.24 A
Open-circuit voltage (Voc,STC ) 49.7V
Series-connected cells (Ns ) 72
Parallel-connected cells (Np ) 1
NOCT Temperature (TNOC T ) 45◦C
Temperature coefficient for Isc (kIsc ) 0.03%/C
Temperature coefficient for Voc (kVoc ) −0.27%/C
Ideality factor (n) 2
Reflectivity (r ) 10%

Table 3.6: Ground parameters that determine the accuracy of the ground-reflected irradiance

Parameter Value
Length of ground’s segments (g ) 0.2m
Extension of ground’s segmentation (ext ) 4m

curves have been used for the front and the rear side, as anticipated in subsection 3.2.2.
These have been obtained from the work of Carolus et al. [83] and are visualized in figure
3.19. In this case, the same spectral resolution of the albedo curve is considered. These
two EQE curves allows the calculation of the bifaciality factor, as shown in equation 3.45.
In this case, it amounts to 65.14%, which is relatively low with respect to the values men-
tioned in literature.

φBi =
Jsc,r ear

Jsc, f r ont
=

∫ λ2
λ1

EQEr ear (λ)∫ λ2
λ1

EQE f r ont (λ)
(3.45)

Lastly, the ground’s parameters that determine the accuracy of the ground-reflected
irradiance have to be decided. These are the length of the ground’s segments (g ) and the
extension (ext ) of the ground’s segmentation at the boundaries of the farm. Their values
are included in table 3.6. Moreover, figure 3.20 shows the sensitivity analysis for different
g and ext values with respect to the annual energy yield calculation. The values selected
for the simulations are indicated with the circle, which have been chosen by taking into
account the trade-off between the accuracy of the results and the computational time.
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Figure 3.19: EQE curves for front and rear side of the PV module
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Figure 3.20: Sensitivity analysis on g and ext values with respect to the energy yield. The simulation refers to
optimally tilted modules in Utrecht (h = 1.5m and d = 4m).





4
RESULTS AND DISCUSSION

This chapter describes the results that have been found during this study, providing an
answer to the research questions presented in 1. First, the outcome of the model’s vali-
dation is described in section 4.1, analyzing the factors that have a larger impact on the
the accuracy of the model. The focus will then move to the comparison of different farm
configurations, namely tilted and vertical options. Section 4.2 analyzes the effect of var-
ious parameters on the power curve of bifacial PV farms, including climate conditions
as well as installation choices. The effect of the design parameters on the energy yield is
studied in detail in section 4.3, focusing on the influence of the modules’ elevation and
the row-to-row distance. Lastly, the economic potential of vertical bifacial PV farms in
comparison to the tilted counterpart is studied in section 4.4.

4.1. VALIDATION OF THE MODEL
The validation of the model is limited to the rear irradiance, hence only the ability of the
model to estimate such component is tested. The validation of the other features of the
bifacial PV model has not been considered in this study, since the methods adopted in
that case refer to widely used models adopted for the monofacial modules as well [5].
This validation has been conducted in collaboration with the company KIPP&ZONEN
which has performed a series of measurements of the irradiance incident on the rear
side of bifacial PV modules, using their sensors. This section is organized as follows.
First, the experimental setup is described in subsection 4.1.1. Second, the selection of
the data and their processing is discussed in subsection 4.1.2. Subsequently, subsection
4.1.3 illustrates the main results of the validation in terms of precision of the estima-
tions. Lastly, the influence of installation and meteorological conditions on the model’s
performance is analyzed in subsection 4.1.4.

4.1.1. EXPERIMENTAL SETUP
The measurements used for the validation took place in Delft (52.0◦N ,4.4◦E) between
July and September 2020. The experimental setup consists in three bifacial PV modules
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Figure 4.1: Experimental setup implemented by KIPP&ZONEN

equipped with different sensors used to measure the incident irradiance. Moreover, ad-
ditional structures or monofacial modules have been placed next to the bifacial modules
as well as in front and behind this modules’ row. This is implemented to simulate an en-
vironment typical of a PV farm instead of a stand-alone module, as depicted in figure
4.1. During the measurements, the tilt of the modules and their elevation with respect
to the ground has been modified to provide diversified data that can add wider gener-
alization to this validation phase. Moreover, different ground types have been tested, in
order to gather data concerning various albedo values. On the other hand, the row-to-
row distance is kept constant and equal to 4.3m between the first and the second row
and to 4.8m in other case. Furthermore, the wall behind the last row is covered using
black sheets to avoid reflections that can alter the measurements. Its distance from the
last row is equal to 5m. The row of interest, i.e. containing the bifacial modules and
the sensors, has a length of 2.14m whereas it amounts to 1.77m for the additional rows.
However, a length of 2.14m is assumed for all the rows, due to the limitations of the
model. Conversely, the model allows different row-to-row distance values since such
design parameters can be assigned to each row of the farm individually. Lastly, the ori-
entation of the modules has been set to 187◦, namely 7◦ to West.

Various sensors have been used by KIPP&ZONEN to gather data from this experi-
mental setup. Such devices have been mounted for a limited time duration and the
measurements have been affected by periods of maintenance, especially when the in-
stallation parameters or the ground type have been changed. These sensors are summa-
rized in the following list:

• A RaZON sensor is mounted on the roof and used to measure DN I , D H I and G H I .
It consists in two integrated pyranometer and pyrheliometer.

• Six SP Lite pyranometers are mounted on the rear side of the bifacial modules of
interest, distributed along the module’s length.

• Six CMP11 pyranometers are mounted on the rear side of the bifacial modules of
interest, distributed along the module’s length.
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• A SP Lite pyranometer is mounted on the front side of the bifacial modules to mea-
sure the plane-of-array front irradiance.

• A CMP11 pyranometer is mounted on the front side of the bifacial modules to mea-
sure the plane-of-array front irradiance.

• Five CMP11 pyranometers are mounted on the rear side of the bifacial modules of
interest, distributed along the module’s length.

• An albedometer is used to measure the instantaneous albedo.

Using these sensors, broadband irradiance values have been registered. Therefore,
the spectral influence is neglected during the validation process, limiting the outcome
of the analysis.

4.1.2. SELECTION AND PROCESSING OF THE DATA

The criteria adopted to select the data to use in the validation from the raw measure-
ments’ database are explained in this paragraph. First, the measurement performed by
the six SP Lite sensors have been chosen to create the rear irradiance measured profile
due to the completeness of the data with respect to the other sensors. Second, these data
have been filtered by considering only the cases when the information about the meteo-
rological conditions were available, namely DN I and D H I values from the RaZON sen-
sor. Lastly, the periods of maintenance or equipment’s mounting have been discarded,
as suggested in a detailed logbook provided by company. After this filtering process, 12
days have been selected and used for the validation purposes, which are shown in table
4.1.

For most of the selected time periods, also the measurements concerning the plane-
of-array front irradiance were available: Therefore, they have been used to test the model
also considering the sum of both front and rear irradiance, following the validation steps
performed by Marion et al. [5]. On the other hand, the availability of the data gathered
by the albedometer were limited to few time periods. Therefore, time-independent val-
ues of albedo have been used. Such values have been determined using the average of
the albedometer signal when a relevant amount of data was present for a specific day.
On the other hand, if no sufficient data from the albedometer were present for a day, the
value of albedo is assumed following the recommendations of the company’s logbook.
These are specified in table 4.1.

Different time resolutions were present among the data measured by the different
sensors. Therefore, a time-averaging process has been accomplished to match the time
resolution of the different signals. In particular, a 15-minutes resolution is adopted to
solve slight misalignment observed in high time-resolution data, in accordance to the
approach of Marion et al. [5].
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Table 4.1: Time periods selected for the model’s validation and the correspondent installation conditions. The
height value refers to the distance between the ground and the bottom extreme of the module.

Time period Weather Ground type Albedo Height Tilt
28 July 2020 15.30-18.15 Cloudy White fleece 0.53 0.5m 30◦
29 July 2020 10.00-18.00 Cloudy White fleece 0.53 0.5m 30◦
30 July 2020 11.00-18.00 Sunny White fleece 0.53 0.5m 30◦
31 July 2020 11.30-15.30 Sunny Grass 0.13 0.5m 30◦
1 August 2020 10.00-18.00 Cloudy Stones 0.19 0.5m 30◦
2 August 2020 10.00-18.00 Sunny Stones 0.19 0.5m 30◦
3 August 2020 10.00-18.00 Rainy Stones 0.15 0.5m 30◦
4 August 2020 10.00-18.00 Sunny Stones 0.19 0.5m 45◦
1 Sep 2020 14.00-18.00 Cloudy White fleece 0.50 0.5m 52◦
6 Sep 2020 9.00-19.00 N.A. White fleece 0.45 0.5m 52◦
7 Sep 2020 12.30-19.00 Cloudy White fleece 0.50 0.5m 52◦
13 Sep 2020 9.00-19.00 Sunny Stones 0.18 0.5m 52◦

4.1.3. RESULTS: RMSE AND MBD
To validate the model, a simulation for the days selected in table 4.1 has been performed,
using the design parameters described in the previous paragraphs. Therefore, a high-
spatial-resolution curve of simulated rear irradiance is obtained for each timespan of the
selected days. The values that correspond to the position of the sensors are compared
to the measurements, calculating the root mean square error (RMSE) and the mean bias
deviation (MBD). Considering all the analyzed data for the rear irradiance, the MBD and
RMSE values amount to −1.29W /m2 (−2.22%) and 12.65W /m2 (21.69%). Such values
are in accordance to other studies based on a view factor approach, e.g. [5]. A complete
overview of RSME and MBD values calculated for each day can be found in Appendix
C. Figures 4.2 and 4.3 show the scatter plots containing all the data analyzed, where the
red line indicates the perfect agreement between the modelled and the measured data.
Comparing the figures 4.2 and 4.3, it can be observed that the error on the rear irradiance
becomes less evident in case the front component is added.

4.1.4. INFLUENCE OF VARIOUS PARAMETERS ON MODEL’S PERFORMANCE

This subsection aims to identify which parameters have the highest impact on the model’s
performance, in order to determine the conditions in which the model implemented for
this study ensures sufficient accuracy.

Figure 4.4 shows the relative error on the rear irradiance estimation with respect to
the hour of the day. Moreover, the dependence on the albedo and tilt values is included
through the shape and the colour of the scattered data, respectively. A slight trend with
respect to the hour of the day can be observed, where higher errors have been obtained
during morning and evening periods. A possible reason to explain this behaviour could
be that the sun rays approaching the PV modules during those periods of the day are
more influenced by the surrounding structure, due the lower sun’s altitude. This is justi-
fied by the picture 4.1, where the presence of obstacles is evident. However, the clearest
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Figure 4.2: Accuracy of the rear irradiance estimations with respect to the measured data. In this case, the
measured front irradiance is summed to the rear component to show the limited impact of the deviations.
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Figure 4.3: Accuracy of the rear irradiance estimations with respect to the measured data. In this case, only
the rear component is shown to highlight the errors of the model.
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Figure 4.4: Relative error on rear irradiance estimation with respect to the real measurements. The
dependence on the hour of the day, tilt and albedo values is highlighted.

trend visible in figure 4.4 concerns the tilt values: high tilts lead to an overestimation of
the irradiance whereas an underestimation is registered in case of low values. In gen-
eral, it is observed that higher tilt values also cause larger errors in the estimation. Such
behaviour can be explained by taking into account the limitations of the view factor ap-
proach, 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 vis-
ible by the rear cells. For these ground segments, the hypothesis of diffuse surfaces is
indeed quite inadequate. Lastly, a trend associated to the albedo cannot be detected
from figure 4.4. However, the absence of this relation can be caused by the lack of the
data in terms of variety of albedo values, hence it requires further investigation.

The relation between the error in the estimation of the rear irradiance and the tilt
value is confirmed by the analysis depicted in figure 4.5. In this graph the relative error is
shown with respect to the position of the cell along the module, distinguishing six differ-
ent values from the top to the bottom. Similarly to the previous figure, the dependence
with the tilt and the diffuse fraction is highlighted using different colors and shapes. It
can be noticed that the higher errors occur at the edges of the module for low values of
diffuse fraction. This result is in agreement with the previous justification concerning the
portion of unshaded ground seen by each cell. The top and the bottom cells are indeed
the areas characterized by the largest view factor wit respect to the unshaded segments.
Moreover, the fact that low diffuse fraction values lead to highest errors proves that view
factor theory fails in case of direct reflection.

Lastly, the influence of the hour of the day, albedo and tilt is investigated for rear GNU
estimation. Such metric has been introduced in subsection 2.2.2 and quantifies the non-
uniformity of the rear irradiance. From figure 4.6, the absence of trend with albedo or
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Figure 4.5: Relative error on rear irradiance estimation with respect to the real measurements. The
dependence on the position along the module, tilt and diffuse fraction is highlighted.

diffuse fraction can be observed. On the other hand, it is clear that an underestimation
of GNU occurs for high tilt values whereas lower tilts lead to an overestimation of the
non-uniformity. This is a consequence of the reasons explained in the previous para-
graphs, since the GNU error arises from the spatial distribution of the error in predicting
the irradiance along the module, and the tilt has been demonstrated to be a key factor in
this sense.

In conclusion, it has been shown that the tilt is the parameter that has the highest im-
pact on the model’s accuracy, which decreases in case of high values. The reason that has
been identified to explain this relation lies in the limitations of the view factor approach,
for which the surfaces are assumed to be diffuse emitters.

4.2. TILTED VS VERTICAL: DAILY POWER CURVE
In this section the impact of the farm configuration on the daily power curve is analyzed.
As introduced in chapter 1, this study focuses on the comparison between the conven-
tional tilted case and farms where the modules are installed vertically. Concerning the
former configuration, the modules are tilted at the optimal angle, namely the value that
maximizes the energy yield along the year. Such value is appointed as optimal tilt in this
study.

4.2.1. OPTIMAL TILT CONFIGURATION
The technique used to calculate the optimal tilt is based on the gradient method, hence
multiple annual simulations are performed until the value that maximizes the energy
yield is found. In particular, the StepTolerance and the initial value have been set to 10−3

and 0◦, respectively. Such constraints arises from the limited computational resources
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Figure 4.6: Relative error on rear GNU estimation with respect to the real measurements. The dependence on
the hour of the day, tilt and diffuse fraction is highlighted.

available for this study. Moreover, an alternative approach based on genetic algorithm
has been tested with the scope of increasing the accuracy of the results. However, it re-
sulted to be not feasible in terms of computational time while extending the analysis to
a global scale.

Unlike monofacial PV modules, the optimal tilt value is highly sensitive on the instal-
lation conditions in case of bifacial PV, as illustrated in subsection 2.1.2. Therefore, it is
essential to discuss the dependence of the optimal tilt on the design parameters before
continuing with the analysis. The parameter that has the highest impact on the optimal
tilt is the albedo, since a higher albedo leads to higher ground-reflected irradiance and
higher tilt values are suggested. However, this study is limited to the use of light soil as
ground type, therefore the impact of such variable is not considered. On the other hand,
the impact of design parameters such as the height of the modules and the row-to-row
distance is one of the objective of this research. For this reason, the optimal tilt has been
calculated for different h and d values and the results are shown in figure 4.7 for two lo-
cations, as example. First, the difference between monofacial and bifacial modules can
be observed. In case of lower latitudes, for low height values the optimal tilt for bifa-
cial is higher than for monofacial (θopt ,bi > θopt ,mono) whereas the opposite occurs for
high heights (θopt ,bi < θopt ,mono). However, the transitional height value is dependent
on the row-to-row distance of the farm. On the other hand, higher optimal tilt values
for bifacial modules are registered in most of the cases when considering higher lati-
tudes. Moreover, both bifacial and monofacial modules show an increasing trend with
respect to the row-to-row distance, as highlighted by the colors in figure 4.7. Such trend
occurs with the exception of low row-to-row distance values, for which bifacial modules
are characterized by an irregular behaviour. On the other hand, the dependence on the
height values is only present for bifacial modules, where higher tilts are observed for low
heights, confirming the trend described in subsection 2.1.2. In general, similar values
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Figure 4.7: Example of optimal tilt dependence on the design parameters (h,d) for Madrid (left) and Utrecht
(right).

of optimal tilt are observed for both bifacial and monofacial modules. This occurs due
to the low albedo value of the light soil ground. However, the difference is expected to
be more evident in case of higher albedo values, for which higher tilts are suggested for
bifacial PV due to the higher impact of the ground-reflected irradiance.

For simplicity, the optimal tilt values adopted for this study for bifacial PV modules
are limited to the case obtained considering a row-to-row distance equal to 3m and a
modules’ height of 1.5m. This choice is justified by the minimal impact of the design
parameters on the optimal tilt value above a certain limit. These optimal tilt values are
depicted in the global map presented in figure 4.8. This map has been obtained from
the simulation over the 102 locations mentioned in section 3.4. However, the coloured
areas have been obtained from the coordinates presented in figure 3.17 by assigning each
point of a 1-degree resolution grid to the nearest analyzed location. Uncoloured regions
arises from a maximum distance over which no locations are assigned, in this case set to
10◦.

4.2.2. INFLUENCE OF THE DIFFUSE FRACTION ON THE POWER CURVE

This subsection aims to study the effect of the diffuse fraction on the daily power curve
of the two configurations analyzed. In particular, the purpose is not to draw general con-
clusion but only to understand with intuitive examples the relation between the different
variables involved. The diffuse fraction has been found to be the climate parameter that
mostly influence the comparison between vertical and tilted farms. Therefore, a daily
power curve that is representative for the entire year has been created by averaging the
power produced during the each hour of the day. In this case, different diffuse fraction
values are imposed by tuning appropriately the value of DN I and D H I while keeping
the actual G H I . The result is depicted in figure 4.9, where two locations are analyzed,
namely Madrid and Utrecht. It can be observed that a lower diffuse fraction is beneficial
for the tilted configuration, as expected. This occurs also for the vertical modules dur-
ing the morning and evening hours. On the other hand, vertical modules prefer a high
diffuse fraction in the middle hours of the day. This can be explained by considering



4

72 4. RESULTS AND DISCUSSION

Figure 4.8: Optimal tilt for bifacial PV modules obtained from the simulation of 102 location, where d and h
have been set to 3m and 1.5m, respectively.

that around noon the sun is not directed towards the faces of the modules, hence dif-
fuse radiation is preferred. Therefore, the most beneficial condition for vertical farms is
to experience low diffuse fraction in the morning/evening and high values during noon.
However, such condition does not usually occur in most of the locations.

4.2.3. INFLUENCE OF THE DISTANCE ON THE POWER CURVE

The same process is performed to investigate the influence of the row-to-row distance
on the daily power curve of vertical and tilted modules. In this case, the actual values of
DN I and D H I are used and the representative daily behaviour is obtained through the
same averaging method adopted for the diffuse fraction. The result is shown in figure
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Figure 4.9: Representative daily power curves for Madrid and Utrecht obtained for different diffuse fraction
values
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Figure 4.10: Representative daily power curves for Madrid and Utrecht obtained for different distance values
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Figure 4.11: Representative daily power curves for Madrid and Utrecht obtained for different height values

4.10, where both the cases of Madrid and Utrecht are depicted. Concerning the row-to-
row distance, both configurations follow the same trend, i.e. the curve shifts upwards
as the distance increases almost uniformly along the day. However, such trend is more
evident for the vertical configuration, proving the higher sensitivity of the power gener-
ated by this configuration to this parameter with respect to the tilted case. Moreover, a
saturation behaviour can be noticed for both configurations.

4.2.4. INFLUENCE OF THE HEIGHT ON THE POWER CURVE

Figure 4.11 analyzes the effect of the elevation of the modules on the daily power curve,
which has been obtained as described in the previous case. In contrast to the influence
of the row-to-row distance, it can be observed that the effect of the height on the power
curve seems negligible. Therefore, it can be concluded that it represents a second order
effect which requires further investigation since no particular trend can be detected from
this analysis.
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Figure 4.12: Correlation between the energy yield and the row-to-row distance for both optimally-tilted (on
the left) and vertical (on the right) configurations

4.3. TILTED VS VERTICAL: ENERGY YIELD
This section aims to analyze the impact of design parameters such as row-to-row dis-
tance and height of the modules on the energy yield of the PV farm for the two config-
urations analyzed in this study, namely optimally-tilted and vertical PV modules. First,
the effect of the row-to-row distance and the height is investigated in subsections 4.3.1
and 4.3.2, respectively. Subsequently, subsection 4.3.3 focuses on the relation between
these design parameters and some individual aspects that determine the energy yield of
the farm, like the unshaded ground portion or the occurrence of mutual shading. The
purpose is to provide a better understanding of the impact of the different design param-
eters on the energy yield, in order to make the findings of this research more intuitive.

4.3.1. INFLUENCE OF THE ROW-TO-ROW DISTANCE ON THE ENERGY YIELD
The analysis on the sensitivity of the energy yield on the row-to-row distance starts by
calculating the correlation between these two variables. The results are depicted in fig-
ure 4.12, where both tilted and vertical PV are considered. These results have been ob-
tained from multiple global simulations where also the value of height has been varied.
The locations are identified through their diffuse fraction, which is indicated using dif-
ferent colors in figure 4.12. It can be observed that not only the correlation between en-
ergy yield and distance is dependent on the specific location, but it also depends on the
height of the modules. This occurs both for tilted and vertical configurations. However,
a general trend can be clearly recognized since high positive values of correlation have
been obtained in every case. This means that increasing the row-to-row distance in a PV
farm is always beneficial in terms of energy yield. The difference between the two con-
figurations is minimal since a slight increasing trend of the correlation with the height
can be observed in both types, despite the higher values obtained for vertical modules.
On the other hand, a trend with the diffuse fraction is absent.

To investigate deeper the effect of the row-to-row distance on the energy generated
by a PV farm, the derivative of the energy yield with respect to this design parameter is
calculated. This is expressed as percentage of increase in the energy yield value for an
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Figure 4.13: Derivative of the energy yield with respect to the row-to-row distance. An average value of all the
locations is presented for both tilted (on the left) and vertical (on the right) configuration.

increment of distance by 1m. Similarly to the correlation, in figure 4.13 the results are
shown for different height values but are averaged among the different locations. The
derivative is always positive, as expected from the analysis concerning the correlation.
However, higher values are registered for the vertical configuration with respect to the
optimal tilt case, highlighting that such design parameter has more impact in case a ver-
tical PV farm is considered. In general, both configurations show a decreasing trend
of the derivative while increasing the distance value, proving a saturation behaviour.
Therefore, after a certain limit, an increase in the row-to-row distance leads to a limited
improvement in terms of energy yield. An exception is registered for ground-mounted
vertical PV modules, where a maximum in the derivative is obtained for a certain height
value. Even though for optimally-tilted modules is more evident, both configurations
exhibit the same trend with respect to the height value, namely the derivative of the en-
ergy yield is proportional to the elevation of the modules. It can be concluded that for
modules characterized by a higher height value, the benefits in terms of energy yield of
a larger distance are more evident.

The dependence of the derivative of the energy yield on the different locations is
shown in figure 4.14, which refers to the height of 1m. Similarly to figure 4.12, the dif-
ferent locations are identified through their diffuse fraction. It can be observed that the
value of the derivative is location-dependent but the general trend discussed in the pre-
vious paragraph is confirmed. Moreover, a trend with the diffuse fraction cannot be de-
tected in this case as well. The global overview is clearer when these values are shown on
a world map as depicted in figure 4.15, where regional trends can be recognized.

4.3.2. INFLUENCE OF THE HEIGHT ON THE ENERGY YIELD

The same procedure adopted in subsection 4.3.1 is followed to investigate the influence
of the elevation of the modules on the energy yield of a PV farm. Figure 4.16 shows the
correlation between the energy yield and the height for the different locations. Simi-
larly to the previous case, the correlation depends on the row-to-row distance, proving
the high inter-dependence between these two design parameters. In case of optimal tilt
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Figure 4.14: Derivative of the energy yield with respect to the row-to-row distance. Values of different
locations are presented for both tilted (on the left) and vertical (on the right) configuration. A height of 1m is

considered.

Figure 4.15: Derivative of the energy yield with respect to the row-to-row distance. Values of different
locations are presented on a global map for both tilted (on the left) and vertical (on the right) configuration. A
height of 2m and 1m are selected for tilted and vertical farms, respectively, whereas the distance is set to 5m

for both cases.
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Figure 4.16: Correlation between the energy yield and the height for both optimally-tilted (on the left) and
vertical (on the right) configurations

configuration, in most of the cases the correlation is positive hence an increase in the
height value leads to a beneficial effect on the energy yield. However, this trend is not
as clear as for the distance and varies significantly for each location. The situation is
completely different in case of vertical modules where the correlation oscillates between
positive and negative values for low distances depending on the location. On the other
hand, larger values of distance lead to negative correlations. Therefore, a detailed anal-
ysis on the magnitude of such effect is necessary to draw general conclusions, which is
performed by studying the derivative of the energy yield, similarly to subsection 4.3.1.

The derivative of the energy yield with respect to the height is visualized in figure
4.17, where the average for all the locations is calculated for different distance values.
First, a saturating behaviour is clearly visible for both configurations, as highlighted by
the red lines. In contrast to the distance’s influence, negative values of the derivative
are registered after a certain height in this case. This suggests the presence of an opti-
mal height that maximizes the energy yield, which depends on the distance value. This
confirms the results showed by Yusufoglu et al. [22]. Such value is identified by the in-
tersection between the curves and the continuous red line in figure 4.17. However, once
the optimal height value is reached, a further increase leads to minimal penalization in
the energy yield. Therefore, the optimal height can be appointed as a saturation limit
as well. In this case, significant differences between the optimal tilt and vertical mod-
ules are evident. The former configurations exhibit higher optimal height values with
respect to the latter. Moreover, for tilted modules there is a clear trend with the distance,
i.e. higher distances involve higher optimal heights, which is not evident for the vertical
case. Nevertheless, this analysis is limited to the average values among all the locations
considered hence further investigation is required to increase the validity the conclu-
sion.

Figure 4.18 highlights the dependence of the derivative of the energy yield with re-
spect to the height for the different locations. In particular, it can be observed that the
optimal height depends not only on the distance value but it is also very sensitive to the
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Figure 4.17: Derivative of the energy yield with respect to the height. An average value of all the locations is
presented for both tilted (on the left) and vertical (on the right) configuration.

Figure 4.18: Derivative of the energy yield with respect to the height. Values of different locations are
presented for both tilted (on the left) and vertical (on the right) configuration. A row-to-row distance of 5m is

considered.

location. Therefore, the trend mentioned in the previous paragraph is confirmed by this
analysis. Similarly to the case illustrated in subsection 4.3.1, no trend with the diffuse
fraction can be detected and the results are illustrated through a global map in figure
4.19 as well. From this figure, it can be observed that the magnitude of the derivative of
the energy yield is significantly lower with respect to distance case, shown in figure 4.15.

4.3.3. EFFECT OF DESIGN PARAMETERS ON INDIVIDUAL ASPECTS
The findings described in the subsections 4.3.1 and 4.3.2 can be summarized in the two
following statements:

1. Increasing the row-to-row distance of a bifacial PV farm is beneficial for the energy
yield irrespective of the configuration.

2. An optimal height value that maximizes the energy yield can be calculated de-
pending on the location and the other design parameters.
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Figure 4.19: Derivative of the energy yield with respect to the height. Values of different locations are
presented on a global map for both tilted (on the left) and vertical (on the right) configuration. A height of 2m
and 1m are selected for tilted and vertical farms, respectively, whereas the distance is set to 5m for both cases.

Even though the first statement can be easily intuitive, the dependence on the height
is not trivial. This is confirmed by the contrast of the results analyzed during the lit-
erature review in subsection 2.1.2. Therefore, in the next paragraphs the influence of
the design parameters is studied in relation to individual aspects that determine the en-
ergy yield of PV farm. These include concepts such as ground sky view factor, unshaded
ground fraction, mutual shading and non-uniformity of the irradiance.

GROUND SKY VIEW FACTOR

The first parameter that is analyzed in this subsection is the ground sky view factor
(SV Fg ), which determines the amount of light that is incident on the ground and then
reflected towards the PV modules. Therefore, a high SV Fg is beneficial for the energy
yield of a PV farm. SV Fg is dependent only on the design parameters of the farm, i.e. it
is constant over time. It is calculated as explained in subsection 3.1.4 and it is a func-
tion of the ground’s coordinate. The dependence on the design parameters is shown in
figure 4.20, both for tilted and vertical farms. It can be observed that for both config-
urations larger distances increase the SV Fg in the middle ground regions between two
neighboring modules whereas the benefit on the extremes is limited. On the other hand,
lower heights increase the spatial non-uniformity of SV Fg values but higher SV Fg are
obtained in the middle ground region. Therefore, it seems that lower heights could be
beneficial in terms of SV Fg . In conclusion, larger row-to-row distances increase SV Fg

values whereas lower heights seem to guarantee higher SV Fg . However, the effect of the
latter parameters is not evident from this analysis.

UNSHADED GROUND FRACTION

Another aspect that influence the performance of a bifacial PV farm is the unshaded
ground fraction. This is defined as the ratio between the length of the unshaded ground
visible to the rear of a PV module (gunsh) and the total ground’s length (g tot ) that is
seen by the such side. Obliviously, the former parameter can be determined as the
difference between g tot and the shaded ground’s length (gsh). A higher amount of un-
shaded ground is beneficial for the modules since the DN I contribution increases the
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Figure 4.20: Influence of the design parameters d and h on SV Fg . The results are shown for both
optimally-tilted (on the left) and vertical modules (on the right). The optimal tilt value refers to Utrecht. The

values 0 and 1 correspond to the positions of two neighbouring modules.
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Figure 4.21: Dependence of the unshaded ground fraction on the design parameters. Six relevant time
periods are shown for an optimally-tilted farm located in Utrecht

ground-reflected irradiance. Unlike SV Fg , the gsh is time-dependent since the shad-
ows produced by the modules are determined by the position of the sun (as , As ) and
the tilt angle. However, It can be highlighted that gsh is not dependent on d and h, i.e.
gsh = f (θ, as , As ). On the other hand, g tot is proportional to both d and h, as illustrated
in equation 4.1. Therefore, it can be concluded that higher d and h are beneficial for the
PV farm in terms of unshaded ground fraction, since g tot increases while gsh remains
unchanged. This is illustrated in figures 4.21 and 4.22, where six relevant time periods
are shown referring to Utrecht as location.

g tot = h ·d

l · sin(θ)
+ d

2
(4.1)
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Figure 4.22: Dependence of the unshaded ground fraction on the design parameters. Six relevant time
periods are shown for a vertical farm located in Utrecht

MUTUAL SHADING

The mutual shading affects significantly the performances of a bifacial PV farm, there-
fore it is essential to limit this effect by properly increasing the row-to-row distance of
a PV farm. Equations 4.2 and 4.3 show the shadow-free distance required to avoid mu-
tual shading on the front and the rear side of the modules, respectively. As it can be
observed from the equations, the shadow-free distance depends on the sun’s position
(as , As ), hence usually a shadow-free time window is considered depending on the loca-
tion. Figure 4.23 illustrates the shadow-free distance for the locations analyzed during
this study, in relation to their latitude. as filters have been used to determine the shadow-
free time window, since the more common hourly filters would have been affected by the
heterogeneity of the locations. However, the zig-zag appearance of the curve is caused
by the low (hourly) resolution of the data. The results highlight the latitude dependence
of the shadow-free distance in case of optimally-tilted modules whereas such effect is
not present for the vertical configuration. In conclusion, it can be stated that increasing
the distance is beneficial to avoid mutual shading whereas the height has no influence
on this effect.

d

l
≥ cos(θ)+ sin(θ) · cos(AM − As )

tan(as )
(4.2)

d

l
≥ 1

tan(θ)
− cos(AM − As )

tan(as )
(4.3)

NON-UNIFORMITY OF INCIDENT IRRADIANCE

As described in subsection 2.2.2, the non-uniformity of the rear irradiance is one of the
main challenges in bifacial PV since it affects significantly the power output. Therefore,
it is necessary to study the impact of the design parameters on such effect to have a com-
plete understanding of the interplay between d and h on the energy yield. To quantify
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Figure 4.23: Mutual-shadow-free distances for optimally-tilted (on the left) and vertical (on the right)
configurations

the non-uniformity of the irradiance, the metric GNU introduced in subsection 2.2.2 is
calculated for both the front and the rear side, since for the vertical configuration the
distinction of the two module’s faces is less relevant. GNU depends on various factors,
including the sun’s position hence it is a time-dependent variable. However, in this anal-
ysis the weighted average GNU value is considered for every location, where the incident
irradiance is adopted as weight. Therefore, a yearly value of GNU is obtained for both
the front and the rear side and the results are shown in figures 4.24, 4.25 and 4.26 where
the impact of θ, d and h is highlighted, referring to Utrecht as example location. As ex-
pected, for tilted modules the non-uniformity of the rear irradiance on the front side is
not dependent on their height, since it is mainly caused by mutual shading. Therefore,
a sufficient row-to-row distance is needed to avoid high GNU values on the front side,
as illustrated in figure 4.24. Moreover, the effect is more evident when higher tilts are
considered. In figure 4.25 the same trend with d and θ can be observed for the rear side.
However, in this case the influence of the height is evident. For low tilts, a higher height is
necessary to avoid high GNU values. On the other hand, increasing the tilt, a minimum
value of GNU can be identified for an optimal height. Such height-dependence is even
more evident in case of vertical configuration, as depicted in figure 4.26. The analysis
has been extended to multiple locations to verify the outcome illustrated for the Utrecht
case, and the same trends have been obtained. Further visualizations can be found in
Appendix D.

FINAL OVERVIEW

The influence of the distance and the height on the individual aspects analyzed in this
section can be summarized in table 4.2. It shows whether higher, lower or optimal values
are beneficial for the energy yield concerning each of these aspects.

It can be concluded that the influence of d and h on the energy yield is the result
of the interplay of various aspects. Table 4.2 shows that increasing the row-to-row dis-
tance is always beneficial in terms on energy yield. On the other hand, the influence
of the modules’ elevation is a consequence of the conflicting effects that determine the
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Non-Uniformity of the irradiance on the FRONT side

Figure 4.24: Influence of the design parameters on the weighted-average GNU of the front side for an
optimally-tilted PV farm located in Utrecht.
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Figure 4.25: Influence of the design parameters on the weighted-average GNU of the rear side for an
optimally-tilted PV farm located in Utrecht.
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Figure 4.26: Influence of the design parameters on the weighted-average GNU of both sides for a vertical PV
farm located in Utrecht.

Table 4.2: Influence of d and h on individual aspects of bifacial PV farms that determine the total energy yield.
It is indicated whether high, low or optimal values are beneficial for the energy yield concerning the aspect
mentioned in each column.

Ground SVF Unshaded ground
fraction

Mutual shading GNU

Distance High High High High
Height Low High No influence Optimal

presence of an optimal height value that maximizes the energy yield.

4.4. TILTED VS VERTICAL: ECONOMIC POTENTIAL
This section aims to answer the research question of this study concerning the economic
potential of the vertical configuration for a bifacial PV farm. First, the relevant variables
are introduced in subsection 4.4.1. Subsequently, the concept of "gain region" for verti-
cal modules is explained through some examples in subsection 4.4.2. Subsection 4.4.3
extends such results to a global scale. Lastly, the correlation between the economic po-
tential of the vertical configuration and the diffuse fraction is analyzed in subsection
4.4.4.

4.4.1. INTRODUCTION TO THE RELEVANT VARIABLES

The introduction presented in chapter 1 has mentioned the matching between the shape
of the daily power curve of E/W vertical PV installations and the electricity prices’ be-
haviour. However, the previous sections have demonstrated that the power generated
by the bifacial PV modules is highly influenced by the design parameters. On the other
hand, the electricity prices can assume different profiles, which determine the revenues
of the power plant. Moreover, there are other factors that can influence the choice of
the optimal farm configuration, for instance a curtailment strategy. Therefore, whether
a vertical or a tilted PV farm ensures higher revenues does not have a binary answer. The
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purpose of this subsection is to list and describe the variables that are crucial while de-
termining the most profitable farm configuration analyzed.

Section 4.3 has highlighted the impact of the row-to-row distance and the height on
the energy yield, which directly affects the revenues of a PV farm. Moreover, section 4.2
has shown how different d and h influence the shape and the magnitude of the daily
power curve for the two different configurations. Therefore, a sensitivity analysis on d
and h is required to provide a complete understating of the issue.

Another aspect that has to be taken into account while studying the most profitable
configuration is the curtailment strategy. To decrease the cost of the grid connection, in
some cases it can be favourable to limit the maximum power of the plant to a fraction
of the total rated power. This choice is justified by the fact that the periods when the
PV farm operates at nominal power are very limited in most of the locations worldwide.
Therefore, the energy lost due to a curtailment strategy could be minimal while the total
cost of the system could significantly be reduced. This aspect is considered in this study
through a variable named maximum power fraction (nmax,power ), which is defined as
the ratio between the maximum power allowed and the nominal power of a plant, as
shown in equation 4.4. Undoubtedly, the value of nmax,power has to be close to the unit
otherwise a significant amount of energy is curtailed, leading to a non-profitable strat-
egy.

nmax,power = Pmax

Pnomi nal
(4.4)

To combine the advantages of both optimally-tilted and vertical configurations, "hy-
brid" PV farms are considered. In this study, such term is used to refer to PV farms
composed by both E/W vertical and N/S tilted modules. The aim is to create a power
curve characterized by a rectangular shape: "gaining" power during the morning and
the evening from the vertical modules, without "losing" excessive power during noon
thanks to the presence of tilted modules. Such possibility is included through the vari-
able nver t , which is defined as the ratio between the number of vertical and total mod-
ules in the farm, hence ranging from 0 (only tilted modules) to 1 (only vertical modules).

nver t = #vertical modules

#total modules
(4.5)

The electricity price scenario is identified by the minimum noon price (pmi n) and
the price ratio (pr ati o) between such price and the price that occurs during the morn-
ing/evening period, as described in section 3.3. The following list summarizes the vari-
ables considered in this study, for which a sensitivity analysis to understand the most
profitable configuration is performed.

• Max power fraction (nmax,power )

• Ratio vertical/total modules (nver t )

• Row-to-row distance (d)
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• Elevation of the modules (h)

• Minimum noon price (pmi n)

• Price ratio (pr ati o)

Lastly, to quantify the economic potential of a PV farm configuration the difference
in the revenues is calculated in comparison to a conventional tilted installation. This
is expressed through the revenues’ gain (Rg ai n), defined as shown in equation 4.6. In
contrast to other studies presented in subsection 2.1.3, this metric is preferred to the
"value factor" thanks to its ability to capture the economical benefits in absolute terms.

Rg ai n = Rnew configuration −Roptimal tilt

Roptimal tilt
·100% (4.6)

4.4.2. "GAIN REGION" FOR VERTICAL CONFIGURATION
A preliminary assessment of the economic potential of the vertical configuration can be
performed by identifying the combination of nmax,power and nver t that achieve a pos-
itive revenues’ gain (Rg ai n > 0%). The results can be visualized with contour plots, as
illustrated in figure 4.27, which reports the examples of Utrecht and Madrid. The graphs
are characterized by nver t on the x-axis and nmax,power on the y-axis whereas the con-
tour lines refer to the energy yield and the Rg ai n depending on the color scale. Therefore,
the axis describe the characterization of a hybrid PV farm and the curtailment strategy,
respectively. The value of Rg ai n compares a hybrid PV farm with the optimally-tilted
counterpart characterized by the same nmax,power . As expected, the highest energy yield
is found at the top-left corner, which refers to an optimally-tilted PV farm where curtail-
ment is not applied. It can be observed that decreasing nmax,power , the energy yield
remains almost unchanged up to a certain limit of nver t in both locations. In alterna-
tive terms, the presence of a fraction of vertical modules does not limit the energy yield
of a PV farm in case partial curtailment is applied. However, the main focus of these
graphs is to study the presence of regions in the plot where the condition Rg ai n > 0%
occurs. Such regions are appointed as "gain regions" and define the condition in terms
of nmax,power and nver t for which it is more profitable to use the hybrid (or vertical in
case nver t = 1) farm configuration than the conventional optimally-tilted counterpart.
In the case depicted in figure 4.27, it can be observed that such condition never occurs
in Utrecht, i.e. the presence of vertical modules is never favourable irrespective of any
nmax,power and nver t conditions. On the other hand, in Madrid hybrid PV farms are
more profitable in case of low nmax,power since the bottom region of the graph is char-
acterized by Rg ai n > 0%. Nevertheless, these results are sensible to the other variables,
which in this example have been set as follows: d = 3m, h = 1m, pmi n = 200€/MW h
and pr ati o = 2.

Figure 4.28 shows the same contour plots analyzed in the previous paragraph for a
higher value of row-to-row distance. It can be observed that a gain region appears at
the bottom of the Utrecht contour plot whereas the number of possible combinations of
nmax,power and nver t that guarantees a positive revenues’ gain is larger for the Madrid
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Figure 4.27: Contour plots that show the energy yield and the revenues’ gain for different nmax,power and
nver t values. The examples of Utrecht (on the left) and Madrid (on the right) are presented. The other

variables are set as follows: d = 3m, h = 1m, pmi n = 200€/MW h, pr ati o = 2
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Figure 4.28: Contour plots that show the energy yield and the revenues’ gain for different nmax,power and
nver t values. The examples of Utrecht (on the left) and Madrid (on the right) are presented. The other

variables are set as follows: d = 4m, h = 1m, pmi n = 200€/MW h, pr ati o = 2

example. This confirms the observation of the previous section for which the row-to-row
distance value has more beneficial impact for the vertical than the tilted configuration.
Moreover, in figure 4.29 the analysis is repeated by increasing the value of price ratio,
increasing the benefits of the vertical PV power curve. As a consequence, in both cases
the gain region enlarges, covering most of the graph’s surface in the Madrid example.

Overall, in the conditions shown in these examples vertical or hybrid PV farms ap-
pear to be favourable only in case a low power fraction is considered, which it is not
realistic due to the excessive energy curtailed. Therefore, further analysis is required to
understand the profitability of these alternative configurations. Specifically, the results
have to be extended to a global scale as well as in terms of variables, i.e. considering
different combinations of the parameters introduced in 4.4.1.
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Figure 4.29: Contour plots that show the energy yield and the revenues’ gain for different nmax,power and
nver t values. The examples of Utrecht (on the left) and Madrid (on the right) are presented. The other

variables are set as follows: d = 4m, h = 1m, pmi n = 200€/MW h, pr ati o = 5

4.4.3. GLOBAL ANALYSIS
In this subsection, the profitability of vertical PV farms is analyzed on a global perspec-
tive. Specifically, to understand whether E/W vertical or N/S tilted modules are favourable,
the focus is shifted to the following question:

What is the minimum price ratio required to achieve more revenues using E/W vertical
instead of N/S tilted PV modules?

In alternative terms, the aim is to identify the minimum pr ati o to achieve the condi-
tion Rg ai n > 0. In particular, the purpose of the next paragraphs is to provide an answer
to this question with respect to the variables introduced in subsection 4.4.1 for each lo-
cation analyzed in this study. This is achieved by using scatter plots characterized by
pr ati o on the y-axis and the examined feature on the x-axis, i.e. nmax,power , nver t , d ,
h or pmi n . The size of each data point is proportional to the number of locations that
satisfy the condition Rg ai n > 0 for a specific pr ati o and feature’s value. Moreover, a color
scale is used to identify the diffuse fraction (weighted-averaged yearly value) of each lo-
cation. In case a data point represents more than one location, i.e. is larger in size, the
color refers to the average diffuse fraction of these locations. Price ratios between 1 and
10 are considered in the analysis. Furthermore, the maximum value on the y-axis in-
dicates the locations for which the condition of Rg ai n > 0% is never achieved for these
pr ati o values. In simple terms, the larger the size of the dots at the bottom of the graphs,
the higher is the profitability of the vertical/hybrid farm with respect to the conventional
tilted configuration.

CURTAILMENT STRATEGY

As introduced in subsection 4.4.1, the curtailment strategy of a PV farm is identified by
the variable nmax,power , which assumes the value of 1 in case no curtailment is applied.
The influence of nmax,power on the minimum price ratio required to achieve revenues’
gain is depicted in figure 4.30. In the left figure the possibility of hybrid farms is excluded,
therefore it is limited to the comparison between completely E/W vertical or N/S tilted
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Figure 4.30: Influence of nmax,power on the minimum price ratio required to achieve revenues’ gain, where
both nver t = 1 (on the left) and nver t = var (on the right) are considered. The other variables are set as

follows: d = 4m, h = 1m, pmi n = 100€/MW h

farms, i.e. nver t is constant and equal to 1. It can be observed that the profitability
of the vertical configuration increases as the nmax,power value decreases, as expected.
However, such trend is only evident for nmax,power < 0.7 which entails significant power
losses due to curtailment. On the other hand, the figure on the right allows the possibil-
ity of hybrid PV farms, i.e. the dots refer to the value of nver t that maximizes Rg ai n . It is
evident that hybrid PV farms are highly beneficial for low values of nmax,power since the
noon peak generated by the tilted configuration is affected by the curtailment. Never-
theless, such advantages are limited to minimal values of nmax,power , similarly as for the
previous case. Moreover, figures 4.30 show that no relevant differences can be detected
for both nver t = 1 and variable nver t cases when nmax,power is close to 1. Therefore, hy-
brid farms seem not to be favorable in case of high nmax,power values. In conclusion, the
influence of the curtailment strategy on configurations’ profitability is evident only for
values of nmax,power lower than approximately 0.7, which are considered not reasonable
for the purpose of this research.

"HYBRID" PV FARM

To confirm the preliminary observation concerning the benefits of hybrid PV farms, fur-
ther investigation is needed about the influence of nver t on the minimum price ratio
required to achieve Rg ai n > 0. Therefore, the same methodology of the curtailment strat-
egy is applied, using nver t as examined feature. This is depicted in figure 4.31, where the
cases nmax,power = 0.7 and nmax,power = 1 are shown. When no curtailment is applied, it
can be observed that nver t has no influence on the condition concerning pr ati o . In alter-
native terms, either completely E/W vertical or N/S tilted configuration is favourable de-
pending on the location and the market condition. On other hand, for nmax,power = 0.7,
hybrid vertical/tilted installations can be advantageous. Therefore, the conclusion of the
previous paragraph has been confirmed.

ROW-TO-ROW DISTANCE

The impact of the row-to-row distance on the energy yield has been studied extensively
in subsection 4.3.1, where it has been demonstrated that larger d values increase the
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Figure 4.31: Influence of nver t on the minimum price ratio required to achieve revenues’ gain, where both
nmax,power = 0.7 (on the left) and nmax,power = 1 (on the right) are considered. The other variables are set

as follows: d = 4m, h = 1m, pmi n = 100€/MW h
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Figure 4.32: Derivative of the revenues with respect to the distance. An average value of all the locations is
presented for both tilted (on the left) and vertical (on the right) configuration.

power production of the farms. As depicted in figure 4.32, this trend is confirmed also
for the revenues, where the same saturation behaviour is visible. Specifically, it can be
observed that the derivative of the revenues, expressed in [%/m], is affected more by the
height than the market conditions. Moreover, higher derivative values for vertical mod-
ules are obtained concerning the revenues, similarly as for the energy yield. Therefore,
an increase in the row-to-row distance is expected to have more beneficial impact on the
revenues of vertical than tilted farms. This is confirmed by the results depicted in figure
4.33, where larger dots for low pmi n are found while increasing the row-to-row distance.
Therefore, larger d values foster the profitability of vertical PV modules. This outcome
is limited to case where no curtailment strategy or hybrid farms are considered, on the
basis of the conclusions drawn in the previous paragraphs.

ELEVATION OF THE MODULES

A similar analysis is performed to study the impact of the height on the revenues. The
results depicted in figure 4.34 show that the interplay between d and h is dominant with
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Figure 4.33: Influence of d on the minimum price ratio required to achieve revenues’ gain. The other
variables are set as follows: h = 1m, pmi n = 100€/MW h, nver t = 1, nmax,power = 1

respect to the market condition, analogously to what has been observed for the row-to-
row distance. Therefore, the presence of an optimal height that maximizes the revenues
is confirmed, and it is approximately equal to the value that ensures the highest energy
yield. However, the impact of h is expected to be lower due to the limited derivative
values obtained in this case. This is indeed observed in figure 4.35 where no evident
influence of h is detected above a certain value. On the other hand, lower h seem to
slightly foster vertical modules among the tilted installations.

PRICE SCENARIO

Lastly, the impact of the price scenario is investigated. Since the influence on the price
ratio is the objective of the study, this analysis is limited to the effect of the minimum
price. Therefore, the minimum pr ati o to satisfy the condition Rg ai n > 0 is calculated for
different values of pmi n and the results are shown in figure 4.36. Two main conclusions
can be drawn from this visualization. First, vertical PV modules are always favourable in
case of negative minimum prices. This is a consequence of the revenues’ losses caused
by the energy produced around noon, which is higher for N/S tilted configuration, since
curtailment is not considered in this case. Second, different values of positive pmi n do
not affect the minimum price ratio to achieve revenues’ gain. Therefore, Rg ai n is inde-
pendent on the magnitude of the variable pmi n , but it only depends on its sign. This
arises from the definition of Rg ai n , which is expressed in percentage. The minimum
price indeed influences the revenues gain in absolute terms but has no impact when rel-
ative metrics are adopted, as explained through the following example.

Let’s consider two different electricity price curves e1(t ) and e2(t ) modelled as de-
scribed in section 3.3. Suppose that e1(t ) and e2(t ) are characterized by the same price
ratio (pr ati o,1 = pr ati o,2) but two different (positive) minimum noon prices (pmi n,1 ̸=
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Figure 4.34: Derivative of the revenues with respect to the height. An average value of all the locations is
presented for both tilted (on the left) and vertical (on the right) configuration. The red lines highlight the

saturation behaviour.
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Figure 4.35: Influence of h on the minimum price ratio required to achieve revenues’ gain. The other variables
are set as follows: d = 4m, pmi n = 100€/MW h, nver t = 1, nmax,power = 1
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pmi n,2). According to their definition, the relation between e1(t ) and e2(t ) expressed in
equation 4.7 is valid.

e1(t ) = pmi n,1

pmi n,2
·e2(t ) (4.7)

The revenues of the vertical and the tilted configuration obtained for the market con-
ditions described by e1(t ) are indicated with Rv,1 and Rt ,1. Similarly, Rv,2 and Rt ,2 refer to
e2(t ) electricity price curve. The revenues’ gain can be obtained as shown in the expres-
sions 4.8 and 4.9, where Pv (t ) and Pt (t ) are the power curves of the vertical and tilted
farm during the time period [t1, t2].

Rg ai n,1 =
Rv,1 −Rt ,1

Rt ,1
=

∫ t2
t1

e1(t )Pv (t )d t −∫ t2
t1

e1(t )Pt (t )d t∫ t2
t1

e1(t )Pt (t )d t
=

∫ t2
t1

e1(t )Pv (t )d t∫ t2
t1

e1(t )Pt (t )d t
−1 (4.8)

Rg ai n,2 =
Rv,2 −Rt ,2

Rt ,2
=

∫ t2
t1

e2(t )Pv (t )d t −∫ t2
t1

e2(t )Pt (t )d t∫ t2
t1

e2(t )Pt (t )d t
=

∫ t2
t1

e2(t )Pv (t )d t∫ t2
t1

e2(t )Pt (t )d t
−1 (4.9)

Therefore, combining the relations 4.7, 4.8 and 4.9, the condition illustrated in equa-
tion 4.10 can be obtained, proving the validity of the results shown in figure 4.36.

Rg ai n,1 =
∫ t2

t1
e1(t )Pv (t )d t∫ t2

t1
e1(t )Pt (t )d t

−1 =
∫ t2

t1

[
pmi n,1
pmi n,2

·e2(t )
]

Pv (t )d t∫ t2
t1

[
pmi n,1
pmi n,2

·e2(t )
]

Pt (t )d t
−1 =

=�
��

pmi n,1
pmi n,2

·∫ t2
t1

e2(t )Pv (t )d t

�
��

pmi n,1
pmi n,2

·∫ t2
t1

e2(t )Pt (t )d t
−1 =

∫ t2
t1

e2(t )Pv (t )d t∫ t2
t1

e2(t )Pt (t )d t
−1 = Rg ai n,2 (4.10)

SUMMARY

Table 4.3 summarizes the findings of the previous paragraphs. It can be concluded that
the row-to-row distance is the variable that mostly influence the choice of the optimal
configuration within the boundaries set by this study. Lastly, figure 4.37 depicts the min-
imum price ratio for which E/W vertical modules should be preferred to the N/S tilted
counterpart for the different locations analyzed in this case. Additional visualizations
are included in the appendix E.

4.4.4. DIFFUSE FRACTION CORRELATION
In the previous section the impact of the design parameters and the market conditions
on the configurations’ choice has been analyzed for various locations. As shown by figure
4.37, the spatial diversification of the results suggests that the performance of bifacial PV
modules are strictly dependent on the local climate. However, a slight trend between the
diffuse fraction and the results presented in subsection 4.4.3 can be recognized, where
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Figure 4.36: Influence of pmi n on the minimum price ratio required to achieve revenues’ gain. The other
variables are set as follows: d = 4m, h = 1m, nver t = 1, nmax,power = 1

low diffuse fraction seems to be favourable for the vertical configuration. As mentioned
multiple times during this research, the GHI-weighted average diffuse fraction is used as
a representative yearly value for each location. To investigate such behaviour, the corre-
lation between the diffuse fraction and Rg ai n is studied, and the results are depicted in
figure 4.38. As expected, a negative correlation can be observed, i.e. it is more advan-
tageous to adopt the E/W vertical configuration when the location is characterized by a
low diffuse fraction. Figure 4.38 also highlights that this behaviour is not affected by d
or h values whereas higher (absolute) values of correlation are obtained for high price
ratios.

The influence of the diffuse fraction is confirmed by analyzing its correlation with
respect to the minimum pr ati o needed by vertical modules to overcome the tilted instal-
lations in terms of revenues. Figure 4.39 indeed shows positive values of correlation, i.e.
the lower the diffuse fraction the less strict is the market condition to satisfy Rg ai n > 0.
However, in this case a dependence with the design parameters can be recognized, es-
pecially while considering the row-to-row distance.

Lastly, the influence of the diffuse fraction daily profile is investigated. The con-
cern arises from two different observations. First, the U-shape of the electricity price
curve entails that the Rg ai n mainly depends on the magnitude of the power peaks dur-
ing morning and evening for the vertical configuration. Second, the analysis on the influ-
ence of diffuse fraction on the shape of the power curve presented in 4.2 shows that a low
diffuse fraction is beneficial during morning and evenings. Therefore, the idea consists
in investigating if the correlation between the diffuse fraction and Rg ai n increases (in
absolute value) when only morning and evening periods are considered. First, for each
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Table 4.3: Summary of the findings concerning the influence of different variables on the minimum price ratio
required to achieve revenues’ gain while using vertical instead of tilted configuration

Variable Influence
Max power fraction (nmax,power ) The influence of the curtailment strategy is significant only

in case of low nmax,power values, which are not considered
relevant for large-scale PV farms

Ratio vertical/total modules (nver t ) Hybrid PV farms are favourable only in case of low
nmax,power , hence they are not relevant for this study

Row-to-row distance (d) Large d values increase the profitability of the vertical con-
figuration over the tilted modules

Elevation of the modules (h) h values have a limited impact on the revenues, but lower
values increase the profitability of vertical modules with re-
spect to the tilted counterpart

Minimum noon price (pmi n ) Only the sign of the minimum price is relevant to decide the
optimal configuration and vertical modules are always pre-
ferred in case of a negative pmi n

location the GHI-weighted average diffuse fraction is calculated for each hour of the day,
in order to obtain a hourly profile of the diffuse fraction that is representative for the en-
tire year. To establish the boundaries of morning and evening periods, a method based
on as value is adopted, similarly to the modelling of the electricity prices described in
section 3.3. Specifically, an as value has to be associated to each diffuse fraction, hence
GHI-weighted average as are calculated for each hour of the day as well, iterating this
process for each location. The correlation is now studied while filtering out the values
of diffuse fraction around noon, which satisfy the condition as > a′

s . The results are il-
lustrated in figure 4.40, where the correlation is calculated for different a′

s values shown
on the x-axis. Therefore the left region of the graph refers to cases where only morning
and evening data are considered whereas the right part takes into account the whole day.
Moreover, after some preliminary test it has been decided to filter out the values of dif-
fuse fraction for which as < 5◦ since the high diffuse fraction that characterizes periods
when as ≈ 0◦ compromises the trend highlighted in figure 4.40.

It can be observed that the hypothesis that a low diffuse fraction during the morn-
ing/evening periods fosters vertical PV profitability over tilted configuration is partially
confirmed. The expected trend occurs indeed for values of price ratio up to 6. In these
cases the correlation between the diffuse fraction and Rg ai n increases in absolute value
when the daily time window is restricted by filtering out the noon values, i.e. increas-
ing a′

s . However, for higher values of pr ati o the correlation stabilizes or a slight opposite
trend is observed.
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Figure 4.37: Global map of the minimum price ratio for which vertical modules are more profitable than the
tilted counterpart. The relevant variables are set as follows: d = 5m, h = 1.2m, pmi n = 100€/MW h, nver t = 1,

nmax,power = 1
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h = 1m, nver t = 1, nmax,power = 1



4.4. TILTED VS VERTICAL: ECONOMIC POTENTIAL

4

97

3 3.5 4 4.5 5 5.5 6

Distance [m]

0.3

0.35

0.4

0.45

0.5

0.55

C
o

rr
e

la
ti
o

n
 [

-]

Correlation: minimum price ratio required VS diffuse fraction

0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2 2.4 2.6

Height [m]

0.49

0.5

0.51

0.52

0.53

0.54

0.55

0.56

0.57

C
o

rr
e

la
ti
o

n
 [

-]

Correlation: minimum price ratio required VS diffuse fraction

Figure 4.39: Correlation between the diffuse fraction (GHI-weighted average) and the minimum pr ati o for
which Rg ai n > 0 is satisfied. The influence of d and h is highlighted. Unless specified in the axis, the other

variables are set as follows: d = 4m, h = 1m, nver t = 1, nmax,power = 1

10 20 30 40 50 60 70 80 90

Max a
s
 value considered [°]

-0.8

-0.7

-0.6

-0.5

-0.4

-0.3

-0.2

-0.1

C
o

rr
e

la
ti
o

n
 [

-]

Correlation: revenue gain VS morning/evening diffuse fraction

Price ratio:1

Price ratio:2

Price ratio:3

Price ratio:4

Price ratio:5

Price ratio:6

Price ratio:7

Price ratio:8

Price ratio:9

Price ratio:10

Figure 4.40: Correlation between GHI-weighted average diffuse fraction and Rg ai n while considering only
morning/evening periods. The relevant variables are set as follows: d = 4m, h = 1m, pmi n = 100€/MW h,

nver t = 1, nmax,power = 1





5
CONCLUSION AND

RECOMMENDATIONS

This concluding chapter summarizes the findings of this study and illustrates the rec-
ommendations for future research that could improve and extend the outcome of this
work.

5.1. CONCLUSION
The aim of this thesis was to investigate the potential of E/W vertical bifacial PV farm in
terms of market revenues. To ensure a sufficient generalization of the topic, the benefits
of such configuration have been studied in comparison to the N/S conventional tilted
counterpart for multiple locations. This is achieved through the development of a bifa-
cial PV model that estimates the power generated by a PV farm. Various market scenarios
and installation conditions have been tested while simulating PV farms’ operation using
this model, in order to understand which parameters are relevant while determining the
optimal configuration.

An extensive literature review has been performed to understand the features and
the limitations of the existing models used for bifacial PV modules. View factor and ray-
tracing have been identified as the two main possible approaches. Specifically, the for-
mer ensures lower computational time whereas the latter provides higher accuracy. Due
to the global scale of the analysis, view factor has been selected as the optimal method
and the 2D assumption is adopted. Furthermore, the models implemented by the pre-
vious studies have been classified depending on the methods used to tackle two main
challenges of bifacial modelling, namely the non-uniformity of rear irradiance and the
spectral impact. It was observed that these aspects are crucial to guarantee a sufficient
accuracy and a gap in the literature was highlighted concerning models that simulta-
neously take into account both aspects while performing a global analysis. Therefore,
an algorithm based on a multi-dimensional matrix approach has been developed in this
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study to model bifacial PV farms. The functionalities of MATLAB has been used to exe-
cute calculations along multiple dimensions, from spectral to spatial, e.g. modules’ rows
or cells. Moreover, such model enables the simulation of farms characterized by uncon-
ventional configurations since the design parameters can be set at each row rather than
for the entire farm. For instance, this includes the possibility of selecting different tilt,
elevation and row-to-row distance values for each modules’ row individually. These as-
pects constitute the optical submodel, which is coupled with the thermo-electrical part
to convert the information about the incident irradiance into electrical power. In par-
ticular, INOCT concept is adopted to estimate cells’ temperature whereas the electrical
submodel is based on a fill factor approximation to achieve sufficient computational
speed.

The model has been validated in collaboration with the company KIPP&ZONEN,
which has provided the data of measurements on bifacial PV modules that took place in
Delft (Netherlands) between July and September 2020. Different tilt values and ground
types have been tested to investigate the accuracy of the model under multiple instal-
lation conditions. This validation is limited to the irradiance incident on the rear side
of the modules, since the submodels adopted to predict the front irradiance and to es-
timate the electrical power are inherited from the monofacial technologies hence the
accuracy of such methods has been widely tested. Therefore, measurements from six
pyranometers located along the module’s back surface have been compared with the
model’s output, in order to investigate the effect of the non-uniformity of rear irradiance.
Unfortunately, this validation process is limited to broadband irradiance values due to
the unavailability of spectral measurements. In general, sufficient agreement between
modelled and measured data has been obtained, which is quantified by a mean bias de-
viation of −1.29W /m2 (−2.22%) and a root mean square error of 12.65W /m2 (21.69%)
for the rear irradiance. Such values are aligned with most of models based on view factor
concept found in literature. Moreover, it has been observed that the design parameter
that mostly affect the model’s performance is the tilt, i.e. higher tilts increase the errors.
Specifically, overestimation of irradiance usually occurs for higher tilts whereas under-
estimation is registered for values close to the horizontal inclination. Moreover, the error
increases at the edges of the modules, especially during clear days. Therefore, it has been
concluded that the accuracy of the model decreases as the amount of unshaded ground
seen by the specific cell increases, proving the limitations of view factor concept, which
assumes all surfaces to be diffuse emitters.

The influence of the climate conditions and the design parameters on the daily power
curve has been investigated for vertical and tilted bifacial PV farms. It has been shown
that the diffuse fraction affects significantly the shape of such curve for vertical mod-
ules, i.e. low diffuse fraction during morning/evening periods is beneficial. On the
other hand, larger row-to-row distance shifts up the power curve for both configurations
whereas the effect of the modules’ elevation is less relevant. This has been confirmed by
analyzing the sensitivity of the energy yield on these parameters. Specifically, the pres-
ence of an optimal height that maximizes the energy yield has been proved. However,
such optimal value is dependent on the specific location and a strong interdependence
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with the row-to-row distance has been proved.

The economic potential of the E/W vertical configuration with respect to the N/S
tilted counterpart has evaluated by considering a modelled electricity price curve, which
is characterized by lower prices during noon and higher values for the morning/evening
time periods. The choice of the optimal configuration has been discussed with respect
to various variables, including design parameters, market conditions, curtailment strate-
gies and hybrid farm configurations. The results have shown that hybrid PV farms guar-
antees an increase in the economic revenues only in case a heavy curtailment strategy
is adopted, namely the maximum power fraction has to be lower than 70% of the nom-
inal value. Otherwise, either completely vertical or entirely optimally tilted PV modules
have to be preferred depending on the other parameters. Moreover, the maximum power
fraction has an influence concerning the profitability of vertical in comparison to tilted
farms only in case the value is sufficiently low (<70%), which has been considered as not
suitable due to the significant amount of power losses.

If the variation in the profitability of vertical among tilted modules is calculated through
a revenues’ gain expressed as percentage, the dependence on the market conditions is
determined only by the ratio between noon and morning/evening price, not on the min-
imum noon value. Specifically, a minimum price ratio that guarantees the economical
superiority of the E/W vertical configuration can be identified. However, it is highly de-
pendent on the specific location and other design parameters. In broad terms, the in-
crease of the row-to-row distance is beneficial in terms of revenues up to a certain satu-
ration value. Such behaviour is registered for both vertical and tilted farms, even though
the impact is higher for the latter case. As a consequence, larger distances lead to lower
minimum price ratios required to ensure the higher profitability of the vertical config-
uration. The second-order effect of the height observed for the energy yield remains
unchanged while considering the market revenues hence an optimal value can be found
depending on the individual location and other design parameters. Lastly, a trend with
the diffuse fraction has been recognized in the results, i.e. a negative correlation between
the revenues’ gain and such climate condition has been found. Specifically, lower diffuse
fraction enhances the profitability of the vertical configuration, requiring a lower mini-
mum price ratio to become superior in terms of market revenues. Such effect becomes
more evident if the analysis is limited to the morning/evening hours, when the market
revenues of vertical modules are boosted by a low diffuse fraction whereas the impact is
limited for the tilted case. In conclusion, for the locations characterized by a low diffuse
fraction, especially during the morning and evening periods, less stringent market con-
ditions are required to ensure higher profitability for E/W vertical bifacial PV farms with
respect to the conventional N/S tilted configuration.

5.2. RECOMMENDATIONS
This report has proposed a validated model to simulate the performance of bifacial PV
farms on a global scale, in order to draw conclusions concerning the profitability of E/W
vertical modules with respect to the tilted counterpart. However, the exhaustiveness of
this work is constrained by time limitations and the computational resources available,
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preventing further investigation on the topic. In this section some guidelines for future
studies are presented, aiming to outline the possible research pathways concerning the
field of bifacial PV modelling and the economic potential of different farm configura-
tions.

A first recommendation concerns possible improvements for the model developed
in this study. 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. This
could be achieved by comparing the model’s results with ray-tracing simulations or real
data. Moreover, the validation process of the model should be based on measurements
performed in an environment characterized by long modules’ row and free horizon, sim-
ulating the operation of a large farm. Such approach would increase the reliability of the
results.

The computational speed of the algorithm is one the main requirement to perform
a detailed global analysis when various installation conditions are tested. The multi-
dimensional matrix approach presented in this thesis reduces significantly the time re-
quired for the simulations. However, large matrices characterized by multiple dimen-
sions require sufficient RAM capacity and involve operations that limit the speed of the
process. Therefore, the dimensions of the problem could be decreased by introducing
some approximations. For instance, the information concerning the non-uniformity of
the rear irradiance contained along the cells’ spatial dimension could be replaced by
the adoption of corrective coefficients, that should depend on the design parameters
(e.g. tilt, height, distance) and the meteorological conditions. For this purpose, vari-
ous machine learning techniques could be used to quantify the dependence of the non-
uniformity on these variables, since this study has been limited to qualitative consider-
ation about this issue. A significant decrease of the computational time of the algorithm
developed in this work would broaden its applicability. Specifically, the possibility of
testing unconventional farm configurations by changing the design parameters on row
level could be investigated. For instance, depending on the market prices’ behaviour,
the differentiation of the tilt for of each farm’s row could be beneficial in terms of rev-
enues. However, the use of optimization methods based on gradient methods have
shown limitations during some preliminary tests on this aspect. Therefore, genetic al-
gorithm should be preferred, which requires higher computational resources/time or a
simplified model.

A third recommendation regards a different research direction that could be inves-
tigated using the model presented during this study. In this research, the potential of
E/W vertical configuration is studied only in relation with the electricity market prices.
Therefore, the coupling with storage technologies is neglected as well as the matching
of vertical PV power curve with load profiles typical of different sectors/applications.
For instance, the dual-peaks profile could lead to a decrease in the battery capacity of a
stand-alone PV system or other benefits when net-metering is present. Such concepts
gain importance especially when lower scale plants are considered, e.g. residential cases.
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Therefore, it is suggested to study further the potential of E/W vertical modules in rela-
tion to these aspects, in order to achieve a 360 degrees overview of the advantages this
configuration.
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APPENDIX A

A.1. LITERATURE REVIEW ON EXISTING BIFACIAL PV MODELS
This appendix summarizes the main characteristics of the bifacial PV models adopted
by the different studies analyzed in this work during the literature review phase.

Table A.1: Classification of the models adopted by the studies analyzed during the literature review. It includes
the number of locations considered by each paper and the main modelling characteristics

Ref. Objective Locations Approach
(VF/RT)

Non-uniformity
of rear irradiance

Spectral impact

[76] Calculation of LCOE, energy yield and
energy gain of different configurations
(including tracking)

Global 2D VF Neglected Neglected

[84] Comparison model vs performance
data for 1T bifacial systems

2 locations
(USA)

2D VF and
RT

Considered Neglected

[85] Comparison between different track-
ing strategies

4 locations
worldwide

2D VF Neglected Neglected

[86] Comparison VF and RT models for en-
ergy yield and bifacial gain calculation

1 location
(Chile)

VF and RT Neglected Neglected

[87] LCOE calculation for different fixed-tilt
and various tracking systems

Global 2D VF Neglected Neglected

[4] LCOE calculation (including tracking
configuration)

Global 2D VF Neglected Considered
(corrective
factor)

[11] Find optimal angles installation condi-
tions

Global 2D VF Neglected Considered
(corrective
factor)

[21] Find optimal angles installation condi-
tions

Global 2D VF Neglected Neglected

[20] Review the main models available in
literature

N.A. VF and RT Considered Neglected

[88] Historical overview 1 location
(Spain)

3D VF Neglected Neglected

[35] Create a 3D view factor model N.A. 3D VF Considered Neglected
Continued on next page
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Table A.1 – continued from previous page
Ref. Objective Locations Approach

(VF/RT)
Non-uniformity
of rear irradiance

Spectral impact

[52] Energy yield and non-uniformity of
rear irradiance modelling and estima-
tion

1 location
(Spain)

2D VF Considered Partially con-
sidered

[25] LCOE calculation Global 2D VF Neglected Neglected
[73] Estimate the temperature influence in

LCOE calculation
Global 2D VF Neglected Neglected

[89] Calculate bifacial gain and the effect of
neglecting shadows on ground

1 location
(Chile)

3D VF Neglected Neglected

[31] Comparison between vertical bifacial
and monofacial PV

Global 2D VF Neglected Neglected

[9] Analyze the influence of using spectral
data

3 location
worldwide

2D VF Neglected Considered

[54] Analyze the influence of using spectral
data

1 location
(Denmark)

2D VF Considered Considered

[55] Investigate seasonal change in albedo 1 location
(Denmark)

2D VF Considered Considered

[28] Techno-economical analysis on the
optimal installation parameters

1 location
(Serbia)

2D VF Considered Neglected

[20] Assess the impact of partial shading 1 location
(India)

RT Considered Neglected

[74] Evaluate the accuracy of the proposed
model

2 locations
(China)

2D VF Neglected Neglected

[36] Understand the incident angle effect Indoor
simulation

3D VF and
RT

Neglected Neglected

[5] Model the rear irradiance of bifacial PV
modules

1 location
(USA)

2D VF Neglected Neglected

[33] Evaluate the performance of ground
sculpting vertical PV

Global 2D VF and
radiosity
method

Neglected Neglected

[22] Calculate bifacial gain 2 locations
worldwide

VF Considered Considered
(corrective
factor)

[90] Determine the distribution of the irra-
diance on the module

1 location
(Michigan)

2D VF and
RT

Considered Neglected

[71] Calculate energy yield and bifacial gain 1 location
(Nether-
lands)

VF Neglected Neglected

[48] Develop an empirical model for bifa-
cial PV

1 location
(USA)

Empirical Neglected Neglected

[91] Include azimuth corrections in the em-
pirical model

1 location
(USA)

Empirical Neglected Neglected

[92] Calculate bifacial gain 2 locations
worldwide

VF Considered Neglected

[93] Impact of considering stand-alone vs
farm on energy yield and bifacial gain

1 location
(USA)

RT Considered Neglected

[94] Calculate bifacial gain and optimal tilt 2 locations
worldwide

VF Neglected Neglected

[14] Calculate energy yield of vertical mod-
ules

1 location
(Nether-
lands)

VF Considered Neglected

[27] Calculate energy yield and bifacial gain 1 location
(Germany)

VF Neglected Neglected

Continued on next page
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Table A.1 – continued from previous page
Ref. Objective Locations Approach

(VF/RT)
Non-uniformity
of rear irradiance

Spectral impact

[29] Comparison of the irradiance incident
on vertical and tilted PV farms

1 location
(Israel)

2D VF Neglected Neglected

[95] Test the accuracy of rear-irradiance
models

1 location
(USA)

3D VF Considered Neglected

[34] Calculate energy yield, bifacial gain
and optimal panel period

1 location
(USA)

2D VF Considered Neglected

[96] Calculate bifacial gain in relation to
albedo and elevation

2 locations
worldwide

N.A. Neglected Neglected

[97] Investigate the performance of two dif-
ferent types of tracking

3 locations
(China)

3D VF Neglected Neglected

[24] Investigate the impact of time-varying
albedo

Global 2D VF Neglected Neglected

[45] Comparison between VF and RT mod-
els

1 location
(Germany)

2D VF and
RT

Considered Neglected

[49] Investigate the accuracy of 2D VF mod-
els

1 location
(USA)

2D VF Considered Neglected

[26] Bayesian optimization of tilt and
module-to-module distance by mini-
mizing the LCOE

4 locations
worldwide

2D VF Considered Neglected

[43] Define a standard for rear side irradi-
ance at STC

N.A. RT Considered Neglected

[51] Calculate the mismatch losses due to
non-uniformity of rear irradiance

N.A. 2D and RT Considered Neglected

[98] Investigate the dependence of non-
uniformity of rear irradiance on vari-
ous parameters

1 location
(Nether-
lands)

VF Considered Neglected
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B.1. ADDITIONAL EQUATIONS FOR THE OPTICAL MODEL

B.1.1. EQUATIONS USED IN THE PEREZ MODEL
The following coefficients are used in the equations 3.3, 3.2, 3.3 to calculate the different
components of diffuse irradiance [77], [78]. θz , Ea , AMa indicate the solar zenith angle,
the extraterrestrial radiation and the absolute air mass, respectively.

F1 = max

[
0,

(
f11 + f12 ·∆+ f13 · πθz

180◦

)]
(B.1)

F2 = f21 + f22 ·∆+ f23 · πθz

180◦
(B.2)

∆= D H I · AMa

Ea
(B.3)

The values of the coefficients fi j depends on the sky clearness ϵ, which is calculated
in equation B.4. In particular, they can be extracted from a table available in [78]. The
constant k is equal to 5.5.35 ·10−6 when using angles in degrees.

ϵ=
D H I+DN I

D H I +k ·θ3
z

1+k ·θ3
z

(B.4)

B.1.2. EQUATIONS FOR THE SKY VIEW FACTOR OF GROUND’S SEGMENTS
The following equations have been used to calculate the angles depicted in figure 3.5 and
used to determine the sky view factor as explained in equation 3.8.

γ1 = max

(
arctan

(
− h2 − l

2 sin(θ2)

−ym,2 − l
2 cos(θ2)

)
,arctan

(
− h2 + l

2 sin(θ2)

−ym,2 + l
2 cos(θ2)

))
(B.5)
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γ2 = min

(
arctan

(
− h1 − l

2 sin(θ1)

−ym,1 − l
2 cos(θ1)

)
,arctan

(
− h1 + l

2 sin(θ1)

−ym,1 + l
2 cos(θ1)

))
(B.6)

γ3 = max

(
arctan

(
− h1 − l

2 sin(θ1)

−ym,1 − l
2 cos(θ1)

)
,arctan

(
− h1 + l

2 sin(θ1)

−ym,1 + l
2 cos(θ1)

))
(B.7)

γ4 = min

(
arctan

(
− h3 − l

2 sin(θ3)

ym,3 − l
2 cos(θ3)

)
,arctan

(
− h3 + l

2 sin(θ3)

ym,3 + l
2 cos(θ3)

))
(B.8)

γ5 = max

(
arctan

(
− h3 − l

2 sin(θ3)

ym,3 − l
2 cos(θ3)

)
,arctan

(
− h3 + l

2 sin(θ3)

ym,3 + l
2 cos(θ3)

))
(B.9)

γ6 = min

(
arctan

(
− h4 − l

2 sin(θ4)

ym,4 − l
2 cos(θ4)

)
,arctan

(
− h4 + l

2 sin(θ4)

ym,4 + l
2 cos(θ4)

))
(B.10)

B.1.3. EQUATIONS FOR THE FIELD OF VIEW OF THE SOLAR CELLS
The following equations have been used to calculate the angles highlighted in figure 3.6
and 3.7, which determine the field of view of the solar cells.

γ1,r = max

(
0 ,

π

2
−θ2 −arctan

(
d2 − l

2 cos(θ2)+ (x − l
2 + c

2 )cos(θ1)

h1 −h2 − l
2 sin(θ2)+ (x − l

2 + c
2 )sin(θ1)

))
(B.11)

γ2,r = max

(
0 ,

π

2
−θ2 −arctan

(
d2 + l

2 cos(θ2)+ (x − l
2 + c

2 )cos(θ1)

h1 −h2 + l
2 sin(θ2)+ (x − l

2 + c
2 )sin(θ1)

))
(B.12)

γ3,r = min

(
π ,

π

2
−θ3 +arctan

(
d3 − l

2 cos(θ3)+ (x − l
2 + c

2 )cos(θ1)

h1 −h3 − l
2 sin(θ3)+ (x − l

2 + c
2 )sin(θ1)

))
(B.13)

γ4,r = min

(
π ,

π

2
−θ3 +arctan

(
d3 + l

2 cos(θ3)+ (x − l
2 + c

2 )cos(θ1)

h1 −h3 + l
2 sin(θ3)+ (x − l

2 + c
2 )sin(θ1)

))
(B.14)

γ1, f = max

(
0 , −π

2
+θ2 +arctan

(
d2 + l

2 cos(θ2)+ (x − l
2 + c

2 )cos(θ1)

h1 −h2 + l
2 sin(θ2)+ (x − l

2 + c
2 )sin(θ1)

))
(B.15)

γ2, f = max

(
0 , −π

2
+θ2 +arctan

(
d2 − l

2 cos(θ2)+ (x − l
2 + c

2 )cos(θ1)

h1 −h2 − l
2 sin(θ2)+ (x − l

2 + c
2 )sin(θ1)

))
(B.16)
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γ3, f = min

(
π , 2π− π

2
+θ3 −arctan

(
d3 − l

2 cos(θ3)+ (x − l
2 + c

2 )cos(θ1)

h1 −h3 − l
2 sin(θ3)+ (x − l

2 + c
2 )sin(θ1)

))
(B.17)

γ4, f = min

(
π , 2π− π

2
+θ3 −arctan

(
d3 + l

2 cos(θ3)+ (x − l
2 + c

2 )cos(θ1)

h1 −h3 + l
2 sin(θ3)+ (x − l

2 + c
2 )sin(θ1)

))
(B.18)
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APPENDIX C

C.1. VALIDATION OF THE MODEL: ADDITIONAL RESULTS
The following tables contain daily MBD and RMSE values calculated for each of the days
selected for the validation, both in absolute and relative terms.

Table C.1: Mean bias deviation (MBD) expressed in W /m2 between modelled and measured data for the days
selected for the validation.

Day MBD
sensor 1
(bottom)
[W/m2]

MBD
sensor 2
[W/m2]

MBD
sensor 3
[W/m2]

MBD
sensor 4
[W/m2]

MBD
sensor 5
[W/m2]

MBD
sensor 6
(top)
[W/m2]

28 July 2020 15.30-18.15 -5.43 -8.17 -8.24 -4.98 -1.78 1.14
29 July 2020 10.00-18.00 -4.15 -13.43 -15.12 -12.60 -9.04 -6.02
30 July 2020 11.00-18.00 -7.68 -23.89 -25.64 -24.77 -21.38 -20.48
31 July 2020 11.30-15.30 8.47 0.44 -4.83 -6.37 -6.29 -5.54
1 August 2020 10.00-18.00 -1.98 -2.21 -2.86 -2.25 -1.21 0.78
2 August 2020 10.00-18.00 -1.71 -2.28 -3.02 -2.22 -1.02 0.97
3 August 2020 10.00-18.00 0.42 -0.08 -0.65 -0.01 0.81 2.44
4 August 2020 10.00-18.00 -3.80 -3.50 -4.81 -3.90 -2.26 2.87
1 Sep 2020 14.00-18.00 -10.77 -8.86 -8.43 -5.91 -2.34 4.38
6 Sep 2020 9.00-19.00 -1.38 0.70 3.52 8.29 14.35 23.93
7 Sep 2020 12.30-19.00 -6.09 -3.22 0.45 5.88 13.91 24.90
13 Sep 2020 9.00-19.00 4.07 5.86 5.39 6.85 9.11 16.85
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Table C.2: Mean bias deviation (MBD) expressed in % between modelled and measured data for the days se-
lected for the validation.

Day MBD
sensor 1
(bottom)
[%]

MBD
sensor 2
[%]

MBD
sensor 3
[%]

MBD
sensor 4
[%]

MBD
sensor 5
[%]

MBD
sensor 6
(top)
[%]

28 July 2020 15.30-18.15 -8.21 -13.51 -13.56 -7.90 -2.70 1.64
29 July 2020 10.00-18.00 -3.89 -14.51 -16.87 -13.47 -9.06 -5.55
30 July 2020 11.00-18.00 -4.87 -19.54 -23.97 -23.00 -18.33 -15.39
31 July 2020 11.30-15.30 22.42 1.43 -15.66 -19.11 -16.69 -12.83
1 August 2020 10.00-18.00 -5.48 -7.54 -9.95 -7.34 -3.65 2.20
2 August 2020 10.00-18.00 -3.39 -5.78 -8.03 -5.59 -2.34 2.02
3 August 2020 10.00-18.00 3.37 -0.74 -5.30 -0.09 5.80 17.36
4 August 2020 10.00-18.00 -6.04 -6.83 -9.56 -7.30 -3.94 4.92
1 Sep 2020 14.00-18.00 -25.13 -21.16 -19.65 -13.88 -5.78 12.37
6 Sep 2020 9.00-19.00 -1.60 0.97 5.51 13.69 24.83 45.87
7 Sep 2020 12.30-19.00 -4.98 -3.22 0.51 7.23 18.19 35.66
13 Sep 2020 9.00-19.00 9.16 15.37 14.47 18.08 23.64 49.01

Table C.3: Root mean square error (RMSE) expressed in W /m2 between modelled and measured data for the
days selected for the validation.

Day RMSE
sensor 1
(bottom)
[W/m2]

RMSE
sensor 2
[W/m2]

RMSE
sensor 3
[W/m2]

RMSE
sensor 4
[W/m2]

RMSE
sensor 5
[W/m2]

RMSE
sensor 6
(top)
[W/m2]

28 July 2020 15.30-18.15 5.99 8.93 9.13 6.51 4.53 4.28
29 July 2020 10.00-18.00 12.04 17.22 18.02 16.29 13.94 13.44
30 July 2020 11.00-18.00 11.99 25.28 26.56 25.77 22.44 21.84
31 July 2020 11.30-15.30 8.62 0.94 4.85 6.39 6.30 5.56
1 August 2020 10.00-18.00 4.61 4.35 4.46 4.63 4.41 4.99
2 August 2020 10.00-18.00 6.96 5.76 5.70 6.04 5.91 6.71
3 August 2020 10.00-18.00 2.02 1.78 2.17 2.71 3.25 4.44
4 August 2020 10.00-18.00 5.08 4.61 5.98 5.53 4.99 5.45
1 Sep 2020 14.00-18.00 11.13 9.31 8.90 6.57 3.91 5.93
6 Sep 2020 9.00-19.00 21.03 16.65 14.81 16.52 20.21 28.32
7 Sep 2020 12.30-19.00 9.61 8.23 7.97 10.34 16.36 27.02
13 Sep 2020 9.00-19.00 5.22 6.67 6.24 7.67 9.88 17.96
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Table C.4: Root mean square error (RMSE) expressed in % between modelled and measured data for the days
selected for the validation.

Day RMSE
sensor 1
(bottom)
[%]

RMSE
sensor 2
[%]

RMSE
sensor 3
[%]

RMSE
sensor 4
[%]

RMSE
sensor 5
[%]

RMSE
sensor 6
(top)
[%]

28 July 2020 15.30-18.15 9.07 14.76 15.04 10.31 6.89 6.19
29 July 2020 10.00-18.00 11.28 18.60 20.10 17.42 13.96 12.39
30 July 2020 11.00-18.00 7.60 20.69 24.83 23.93 19.24 16.41
31 July 2020 11.30-15.30 22.83 3.07 15.74 19.15 16.73 12.87
1 August 2020 10.00-18.00 12.78 14.82 15.51 15.11 13.29 14.04
2 August 2020 10.00-18.00 13.79 14.56 15.14 15.20 13.57 14.02
3 August 2020 10.00-18.00 16.36 15.42 17.55 20.52 23.32 31.59
4 August 2020 10.00-18.00 8.06 9.00 11.88 10.37 8.69 9.32
1 Sep 2020 14.00-18.00 25.98 22.22 20.74 15.44 9.64 16.75
6 Sep 2020 9.00-19.00 24.47 23.26 23.19 27.27 34.98 54.27
7 Sep 2020 12.30-19.00 7.87 8.25 9.16 12.71 21.40 38.68
13 Sep 2020 9.00-19.00 11.75 17.52 16.75 20.23 25.65 52.24
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D.1. INFLUENCE OF DESIGN PARAMETERS ON GNU: ADDITIONAL

VISUALIZATIONS
The analysis concerning the influence of the design parameters, namely θ, d and h, on
the GNU value is extended to multiple locations to verify the trends presented in sub-
section 4.3.3. The results are shown in the figures D.1-D.5, confirming the behaviour
observed for the Utrecht case.
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Figure D.1: Influence of the distance on the weighted average GNU for an optimally-tilted PV farm simulated
in multiple locations. The results are for h = 1.5m and θ = 30◦.
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Figure D.2: Influence of the height on the weighted average GNU for an optimally-tilted PV farm simulated in
multiple locations. The results are for d = 4m and θ = 30◦.
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Figure D.3: Influence of the tilt on the weighted average GNU for an optimally-tilted PV farm simulated in
multiple locations. The results are for d = 4m and h = 1.5m.
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Figure D.4: Influence of the distance on the weighted average GNU for a vertical PV farm simulated in
multiple locations. The results are for h = 1.5m.
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Figure D.5: Influence of the height on the weighted average GNU for a vertical PV farm simulated in multiple
locations. The results are for d = 4m.
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E.1. GLOBAL MAPS: VERTICAL VS OPTIMAL TILT CONFIGURA-
TION

This appendix includes additional visualizations concerning the minimum price ratio
required to achieve a revenues’ gain while using vertical PV modules instead of the optimally-
tilted counterpart.
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(a) Design parameters: d = 3m, h = 0.6m (b) Design parameters: d = 4m, h = 0.6m

(c) Design parameters: d = 3m, h = 1.2m (d) Design parameters: d = 4m, h = 1.2m

(e) Design parameters: d = 3m, h = 1.8m (f) Design parameters: d = 4m, h = 1.8m

Figure E.1: Global map of the minimum price ratio for which vertical modules are more profitable than the
tilted counterpart. The other variables are set as follows: pmi n = 100€/MW h, nver t = 1, nmax,power = 1



E.1. GLOBAL MAPS: VERTICAL VS OPTIMAL TILT CONFIGURATION

E

133

(a) Design parameters: d = 5m, h = 0.6m (b) Design parameters: d = 6m, h = 0.6m

(c) Design parameters: d = 5m, h = 1.2m (d) Design parameters: d = 6m, h = 1.2m

(e) Design parameters: d = 5m, h = 1.8m (f) Design parameters: d = 6m, h = 1.8m

Figure E.2: Global map of the minimum price ratio for which vertical modules are more profitable than the
tilted counterpart. The other variables are set as follows: pmi n = 100€/MW h, nver t = 1, nmax,power = 1





F
APPENDIX F

F.1. SCIENTIFIC PAPER
This section contains a draft version of a scientific paper that summarizes the research
performed during this thesis.
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MASTER THESIS 1

Modelling and Optimization of Bifacial PV Farms:
Potential of E/W vertical configuration

Matteo Baricchio, PVMD Group, Delft University of Technology, Delft, the Netherlands
Hesan Ziar, PVMD Group, Delft University of Technology, Delft, the Netherlands

Marc Korevaar, Kipp&Zonen, Delft, the Netherlands
Pavel Babal, Kipp&Zonen, Delft, the Netherlands

Abstract—The profitability of E/W vertical bifacial PV farm
with respect to the conventional N/S tilted configuration is
studied in this work through a global analysis. A model based
on 2D view factor concept is developed to estimate the power
generated by a large scale farm. Non-uniformity of the incident
irradiance and spectral impact are considered by adopting a
multi-dimensional matrix approach. The model is validated in
collaboration with the company Kipp & Zonen, focusing on the
broadband rear irradiance and its non-uniformity. Specifically,
the mean bias deviation and the RMSE calculated between
modelled and measured data amount to −1.29W/m2 (−2.22%)
and 12.65W/m2 (21.69%), respectively. The validation highlights
lower accuracy in case of higher tilt values, especially during
clear days and at the edge of the modules, concluding that the
error is proportional to the amount of unshaded ground seen
by a cell, in alignment with the limitations of the view factor
concept. Electricity prices are modelled by assuming daily U-
shaped curves with minimum noon values, identifying different
market conditions by the ratio between morning/evening and
noon prices. Higher profitability of E/W vertical with respect to
N/S tilted configuration is studied by calculating the minimum
price ratio required to achieve such condition. These results are
presented through global maps due to their strong dependence
on the specific location and they are analyzed in relation to
curtailment strategies, hybrid configurations, design parameters
and market conditions. Among these variables, the row-to-row
distance is found to have the highest impact on the decision
concerning the optimal configuration since higher values are
more beneficial for vertical modules, increasing their profitability
with respect the tilted case. The locations characterized by a low
diffuse fraction are recommended to install vertical PV farms.

I. 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 1047GW at the end of 2022 [1]. Currently,
bifacial PV modules represents only 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 in their property of absorbing
the irradiance incident on both the front and the rear side.
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. 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

competitive in terms of levelized cost of energy worldwide [4].

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-electrical sub-models. The
latter submodel relies on conventional concepts, widely
adopted for monofacial PV modelling. In contrast, the former
submodel adds complexity due to the presence of rear
irradiance, 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. Inherited by heat
transfer theory, view factor method is widely adopted in the
literature due to the low computational time [5] and it is based
on the assumption of isotropic scattering of the reflected
rays [6]. Conversely, ray-tracing software like RADIANCE
[7] are based on individual sunrays simulations, increasing
the accuracy of the results as well as the time needed to
compute the simulations [5]. Irrespective of the approach,
there are other aspects that can be integrated in the models
depending on trade-off between accuracy and computational
resources required. These include the non-uniformity of
the rear irradiance [8], the spectral impact of the incident
radiation [9] and the influence of the mounting structure [10].

Bifacial PV models are adopted to simulate large PV
farm operation, optimizing design parameters such as tilt,
orientation, elevation, and row-to-row distance. Various
studies explore different configurations, including vertically-
mounted systems [4], [11]. Vertical modules are installed
in the East/West (E/W) orientation to exploit morning and
evening sun irradiation, exhibiting a two-peaks power curve
with a minimum at noon, unlike conventional North/South
(N/S) orientation of tilted modules that leads to a maximum
in power production around midday [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 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 [12], [13] and noise barriers [14]. Second, the
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shape of the power curve provides several benefits, including
improved demand-supply matching, reduced storage capacity
requirements [15], and mitigation of the duck-curve problem
[16]. Additionally, the similarity between the generated
power’s daily profile and electricity day-ahead market prices
can lead to increased revenues. Specifically, a two-peaks
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 [17].

The aim of this study is to develop a model to estimate the
power generated by a bifacial PV farm, in order to investigate
the potential of E/W vertical configuration in terms of market
revenues. This paper is structured as follows. In section II 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 III and IV, respectively.
Subsequently, section V describes the experimental validation
of the optical model. Lastly, the results are discussed in section
VI whereas the conclusions are included in section VII.

II. LITERATURE REVIEW ON BIFACIAL PV MODELS

A. Metrics of bifacial PV

Th 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 (ϕBi), 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 commercial applications
[6] whereas ϕBi up to 92% and 95% are obtained for Silicon
Heterojunction and n-PERT solar cells, respectively [18]. The
surplus of energy generated by bifacial modules with respect
to the monofacial is quantified by the bifacial gain (BG),
which depends on the geographic 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 [11]. In relation to the electricity
market, the value factor (V F ) quantifies the ability to capture
higher electricity prices by a power plant, determining the
benefits of the daily shape of various configurations’ power
curve [19].

B. View factor vs Ray-tracing

The view factor concept is adopted to estimate the radiation
incident on different surfaces and it defined as shown in 1. The
analytical solution of the integral included in the equation can
be obtained only for limited cases hence numerical methods
or approximation are utilized, including Nusselt unit spheres
approach [20], Monte Carlo simulations [21] and Hottel’s cross
string rule [22]. This last methods is based on a 2D approxi-
mation and it is widely adopted in the field of PV modelling
due to its low computational time achieved by neglecting the
edge effects [6], i.e. the increase of the irradiation 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.

FA1→A1 =
1

A1

∫∫
A1A2

cos θ1 cos θ2
πs2

dA1 dA2 (1)

Ray-tracing consists in the simulation of individual rays’
path to obtain a an illumination mapping through a render-
ing process. RADIANCE [7] is a widely used open-source
software adopted for PV modelling purposes [23] and NREL
recently released the version bifacial radiance [24] 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 [25], increasing the accuracy in comparison
to view factor techniques. However, such method requires a
computational time up to 104−105 higher with respect to 2D
view factor methods [25].

C. Non-uniformity of 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 (MMloss) up to 1.5%
on the annual energy yield [26]. 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 structure, and heterogeneity of the
ground. Various metrics have been introduced to quantify its
magnitude, including GNU , defined as shown in equation 2
[27].

GNU =
Gmax −Gmin

Gmax +Gmin
(2)

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, em-
pirical relations to estimate MMloss have been developed by
Raina and Sinha [8] based on GNU obtaining R2 = 98.1%
whereas an accuracy up to R2 = 0.995 is achieved by Deline
et al. [26] considering the mean standard deviation and the
mean absolute difference of rear irradiance distribution.

D. Spectral influence

Solar cells are spectrally-sensitive devices, hence the power
generated is dependent on the the spectrum of the incoming ra-
diation. 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 [9]. Therefore, several studies
recommend to consider the spectral effect while developing
bifacial PV models [9], [28]–[30] since the use of a constant
scalar albedo could lead to relative errors in bifacial gain
calculations up to 19.5% [30]. 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 of spectral data to including corrective coefficients
[11].
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Fig. 1. Classification of the models used in the studies analyzed for this
literature review depending on the approach that has been used [4]–[6], [8],
[9], [11], [14], [18], [23], [26]–[29], [31]–[64]

Fig. 2. Classification of the models used in the studies analyzed for this
literature review concerning the non-uniformity of the rear irradiance and the
spectral impact [4]–[6], [8], [9], [11], [14], [18], [23], [26]–[29], [31]–[64]

E. Classification of optical models

Aiming to select the proper model’s features for the objec-
tive of this research, the optical bifacial models adopted in
47 different studies have been reviewed. First, a distinction
between view factor and ray-tracing approach is displayed in
figure 1, where a majority of the former method is highlighted.
However, studies where the two techniques are compared are
also present even though the simulations are limited to few
specific cases. Second, this study investigates the incorpora-
tion of considerations related to the non-uniformity of rear
irradiance and the spectral impact within the existing models.
The results are depicted in figure 2, observing that these
features are often neglected when the geographical scale of
the simulation is extended to multiple locations.

F. Thermo-electrical models

As mentioned in I, limited cnahges are present concerning
thermo-electrical submodels between bifacial and monofa-
cial PV hence an extensive literature is available concerning
these aspects. Depending on the requirements in terms of
accuracy and computational resources, various models are
adopted to estimate the cells’ temperature. These include
INOCT [65], Sandia [66], Faiman [67], Janssen [48] models or
other alternatives which require a large number of parameters
and/or intensive computational resources, e.g. fluid-dynamics

>10 LOCATIONS SPECTRAL IMPACT

NON-UNIFORMITY OF REAR IRRADIANCE

BIFACIAL PV MODELS: Model developed in this work
Model available in the literature

Fig. 3. Venn diagram of the bifacial PV models available in literature [4]–[6],
[8], [9], [11], [14], [18], [23], [26]–[29], [31]–[64]

models [68]. The same requirements determine the electrical
submodel, which range from constant efficiency expressions
[11] to 1-diode approximation.

G. Characteristics of the model developed in this study

Considering the objective of this study, a low computational
time represents the main requirement due the global scale
involved hence a 2D view factor approach is selected. In
contrast to previous global analysis on bifacial PV, this work
aims to take into account the effect of the non-uniformity of
rear irradiance and the spectral influence, considered crucial
aspects to ensure sufficient accuracy. In conclusion, the fea-
tures of this model are highlighted in figure 3 in comparison
to the existing alternatives found in the literature.

III. BIFACIAL PV FARM MODEL

A. Structure of the optical submodel

The optical submodel calculates the irradiance incident on
the bifacial PV modules receiving as input meteorological
conditions, farm’s design parameters and modules’
specifications. It is based on view factor concept while
adopting the 2D ”large-farm” assumption, which entails
infinite rows’ length. The non-uniformity of the irradiance
and the spectral impact are considered by using a four-
dimensional matrix as base unit to perform annual farm
simulation. The first and the second dimensions represent
spatial irradiance distributions along farm’s rows and
modules’ cells, respectively, whereas the third and fourth
refers to the time and spectrum’s 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 modules’ row, enabling to
test unconventional configurations. In summary, using this
method the irradiance is calculated for every wavelength
of the spectrum on cell level while limiting the increase in
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Fig. 4. Sky view factor of a ground segment. The possibility of unconventional
farm’s configurations is highlighted in the image.

computational time.

The total irradiance incident on front and rear solar cells
is determined by three different components, discussed in the
next subsections:

• Sky irradiance (Isky)
• Ground-reflected irradiance (Iground)
• Irradiance reflected by neighbouring modules (Imod)

B. Irradiance decomposition
Perez Sky Diffuse model [69] is used to decompose the

DHI into circumsolar (Idif,circ), isotropic (Idif,iso) and hori-
zon (Idif,hor) diffuse components. These are used to estimate
the direct and diffuse contribution to the irradiance incident
on the PV cells.

C. Ground segmentation
The pattern created by 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
continuous function of the spatial coordinate hence requiring
a ground segmentation. Therefore, the ground sky view factor
(SV Fg) is calculated for each ground segment, whose length
influences the accuracy of the model. The calculation of
SV Fg is limited to the angular sectors between the nearest
four modules to each segments, as shown in equation 3 and
depicted in figure 4.

SV Fg =

3∑
i=1

cos(γ2i−1)− cos(γ2i)

2
(3)

Whereas SV Fg determines the amount of diffuse irradiance
reaching a ground segment, ag quantifies the fraction of direct
component and it is defined as follows, where AOIg indicates
the angle of incidence.

ag =

{
0 if segment is shaded
max (0, cos(AOIg)) if segment is unshaded

(4)

D. Field of view
To calculate the influence of each of the surrounding ele-

ment, 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, respectively. This is
applied for both front and rear cells and an example for the
latter case is depicted in figure 5.
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Fig. 5. Field of view: example of a rear cell

E. Sky irradiance

The sky irradiance is calculated according to the equation
5, where both direct and diffuse contribution are included.

Isky = asky · fAOI,dir · (DNI + Idif,circ) +

+ SV F · fAOI,dif · Idif,iso
(5)

Only unshaded cells receive direct irradiance and such
condition is satisfied when the 2D projection of the sunrays’
angle of incidence (AOI2d) 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 asky , defined in equation 6, where AOI indicates the
angle of incidence with respect to the cells’ normal direction.

asky =

{
cos(AOI) if the cell is unshaded
0 if the cell is shaded

(6)

Diffuse sky component depends on the sky view factor
(SV F ), which is calculated as shown in equation 7, where
γsky1

and γsky,2 indicate the angles that define the sky angular
sector identified in the field of view.

SV F =
cos(γsky,1)− cos(γsky,2)

2
(7)

Lastly, fAOI,dir and fAOI,dif are the AOI correction
factors based on the theory of Martin and Ruiz [70]. 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.

F. Ground-reflected irradiance

The contribution to the ground-reflected irradiance is
limited to segments seen by a cell, appointed as ”active” in
this study, as highlighted in figure 6. 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
equation 8. fAOI is the AOI corrective factor determined
similarly to the sky direct component whereas ρ indicates
the albedo, for which both scalar and spectral values are
supported. Lastly, the expression 9 adopted for the view factor
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between a solar cell and a ground segment (V Fc→g) is based
on Hottel’s cross string rule, where the nomenclature refers to
the figure 7.

Iground = ρ ·
∑
active

segments

fAOI · V Fc→g·

· (ag · (DNI + Idif,circ) + SV Fg · Idif,iso) (8)

V Fc→g =
BC −AC +AD −BD

2 · c
(9)

G. Irradiance reflected by neighbouring modules

The irradiance component consisting of neighbouring mod-
ules’ reflections is calculated as illustrated in equation 10. This
is proportional to the irradiance incident on such modules,
wherein an average spatial value is considered. V Fc→m is the
view factor between the cell and the neighbouring module,
based on the field of view, similarly to V Fc→g . r indicates
the reflectivity of the modules whereas fAOI is computed
analogously to the sky diffuse irradiance.

Imod = r · V Fc→m · fAOI · Iincident neigh mod (10)

H. Thermo-electrical submodel

The choice of the thermal model to predict cells’
temperature (Tcell) is based on two criteria, namely the
availability of data for the analyzed locations and the
computational time restrictions. These reasons lead to adopt
the INOCT model, considering rack mounted modules.

Concerning the electrical 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 approximation introduced by Green [71] is adopted.
Equations 11-14 are implemented to estimate the short-circuit
current and the open-circuit voltage of every cell, where front
and rear sides are modelled as a parallel circuit. Specifically,

two different EQE curves are adopted to distinguish front and
rear cells.

Jsc,front =
q

hc
· (1 + kJsc

· (Tcell − 25◦C)) ·

·
∫ λ2

λ1

Ifront(λ) · EQEfront(λ) dλ (11)

Jsc,rear =
q

hc
· (1 + kJsc

· (Tcell − 25◦C)) ·

·
∫ λ2

λ1

Irear(λ) · EQErear(λ) dλ (12)

Jsc = Jsc,front + Jsc,rear (13)

Voc =

[
Voc,specs

Ns
+

nk · (Tcell + 273K)

q
· log

(
Gtot

GSTC

)]
· (1 + kVoc

· (Tcell − 25◦C)) (14)

Green approximation is based on the relations 15 and 16,
where the constant cff 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.

FF =
voc − log (voc + cff )

voc + 1
(15)

voc =
qVoc

k(Tcell + 273K)
(16)

IV. ELECTRICITY MARKET MODEL

Analyzing few selected European countries, a negative
correlation between electricity prices and sun’s altitude (as) 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 [17], proving the
sensitivity on the PV installed capacity. This is illustrated
in figure 8. To enable the simulation of different market
scenarios, electricity prices are modelled depending on as,
creating an annual price curve for each location. Specifically,
five different parameters are used to determine the shape of
the price timeseries:

• Price ratio (pratio)
• Minimum price (pmin)
• Minimum as (as,min)
• Maximum as (as,max)
• Shape factor (fshape)
The resolution of the price curve depends on the as input

array and the price values oscillates between the minimum
”noon price” (pmin) and the maximum ”morning/ evening
price” calculated as pmin · pratio. as,min, as,max and fshape
define the transition between these prices, i.e. as values that
satisfy the condition as < as,min are associated to the
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(a) (b)
Fig. 8. Correlation between electricity prices and as of few selected countries in Europe, referring to 2018 (a) and 2022 (b), respectively

TABLE I
CONSTANT TUNED VALUES OF as,min , as,max , fshape

Parameter Value
as,min 5.4◦

as,max 32.5◦

fshape 4

maximum price whereas the minimum price is assigned to
as values such that as > as,max. Lastly, fshape 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, e.g. fshape = 2 leads to a rectangular
curve. Moreover, a seasonal effect is intrinsic in this method
due to the as dependence, e.g. higher prices are obtained
during the winter period due to lower average as values in the
Northern hemisphere. These five parameters are tuned using
real electricity prices of 8 European countries registered during
2018 and 2022, i.e. 16 cases in total. Minimizing RMSE on
daily basis, 365 values of pratio, pminas,min, as,max and
fshape 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 pratio and pmin are tested
to simulate various market conditions, as,min, as,max and
fshape are kept constant during this study and their values are
included in table I. The process of electricity prices’ modelling
is summarised in figure 9.

V. VALIDATION OF THE MODEL

The validation of the model is limited to the estimation
of the rear irradiance incident on different positions along the
modules’ length. Other features are neglected in this validation
process due to their wide use for monofacial modules in
the recent years [5]. This validation has been conducted in
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Fig. 9. Main steps in the modelling of the electricity prices: correlation be-
tween as and prices, first approximation on daily basis, second approximation
on annual basis. This example refers to the period 16-18 June 2022 of the
Netherlands.

collaboration with the company Kipp & Zonen which has
performed a series of measurements using their sensors.

A. Experimental setup and Data processing

The measurements took place in Delft (52.0◦N, 4.4◦E)
between July and September 2020. The experimental setup
consists in three bifacial PV modules equipped with six
pyranometers on the rear side, as depicted in figure 10.
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 have been varied to test the performance of the model
under diverse installation conditions. These information are
specified in the Appendix B. Front irradiance has been
measured as well in order to quantify the impact of the rear
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(a) (b)
Fig. 10. Experimental setup provided by the company Kipp & Zonen
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Fig. 11. Validation results: Comparison between modelled and measured data, considering both the total irradiance values, i.e. front+rear (a) and only the
rear component (b)

component’s deviations on the total value. A 15-minutes
resolution is adopted to mitigate the slight time misalignment
between the sensors hence a time-averaging process has been
accomplished to match the time resolution of the different
signals, in accordance to the approach of Marion et al. [5].

B. Results of the experimental validation

Modelled and measured data are compared by calculating
the roor mean square error (RMSE) and the mean bias
deviation (MBD), which amount to −1.29W/m2 (−2.22%)
and 12.65W/m2 (21.69%), respectively. These values refer
to the overall comparison and are consistent with findings
of previous studies based on view factor models [5]. The
outcome of the validation is depicted in figure 11, where it
can be observed that the errors in the estimation of the rear
irradiance are minimal in case the front side component is
added. Additional results are included in the Appendix B.

Further analysis are performed to investigate the conditions
and the parameters that mostly affect the model’s ability to
predict the incident irradiance, as highlighted in figure 12.
First, a slight trend with respect to the hour of the day can
be observed, where higher errors are obtained during morning
and evening periods. Such behaviour is probably caused by
the higher influence of the surrounding structure when the
sun’s altitude approaches zero. 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 values. 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, confirming that the hypothesis
of diffuse surfaces is evidently inadequate for these ground
segments. Such statement is also proved by observing that
larger errors occur at the edge of the modules, which have a
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Fig. 12. Relative error on the rear irradiance estimation with respect to the
hour of the day for different tilt and albedo vales.

wider view on unshaded ground during clear sky conditions.
Conversely, clear trends are not found in relation 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 lower values.

VI. RESULTS AND DISCUSSION

A. Simulations’ input data

102 locations are selected for this study and their hourly data
are downloaded from the software METEONORM concerning
DNI (broadband), DHI (broadband), as, As, p, Tamb for a
total duration of one year. These locations are highlighted in
figure 13 along with the correspondent GHI-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
[72], enabling the decoupling between spectral and temporal
dimension 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. Two
different EQE curves for front and rear side of the modules
are taken from the work of Carolus et al. [73]. Therefore, ϕBi

is calculated as shown in equation 17 and it is equal to 65.14%
in this case. Detailed specifications of the modules considered
in this work are included in the Appendix C. Lastly, ground
segments’ length is set to 0.2m in order to limit to 0.15%
the error on the annual energy yield caused by segments’
resolution.

ϕBi =
Jsc,rear
Jsc,front

=

∫ λ2

λ1
EQErear(λ)∫ λ2

λ1
EQEfront(λ)

(17)

B. PV farm configurations

As introduced in section I, the performance of two different
farm configurations are compared in this study, namely N/S
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Fig. 13. Global map of the 102 locations analyzed in this study. GHI-
weighted average value of diffuse fraction is included for each location.

Fig. 14. Optimal tilt for bifacial PV modules obtained from the simulation
over 102 locations, where d and h have been set to 3m and 1.5m,
respectively.

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 (θopt). Unlike monofacial PV modules, θopt is highly
sensitive on the installation conditions, in accordance with
previous studies analyzed in section II. In general, θopt 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 = 3m and h = 1.5m since the
impact of the design parameters decreases above such limit.
Worldwide results are depicted in figure 14.

C. Effect of design parameters on the energy yield

The impact of the design parameters differ depending on
the farm configurations. This is observed by analyzing the
derivative of the energy yield with respect to row-to-row
distance (∂EY

∂d ) and modules’ height (∂EY
∂h ). This is expressed

as percentage of increase in the energy yield value for an
increment of distance/height by 1m.

Figure 15 shows that ∂EY
∂d 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
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terms of energy yield after a certain limit. However, higher
values of ∂EY

∂d are registered for the vertical configuration,
highlighting that d has more impact in case a vertical PV
farm is considered. Even though it cannot be detected from
figure 15, such results are sensitive to h as well, highlighting
a strong inter-dependence between these design parameters.
Specifically, ∂EY

∂d is directly proportional to h hence the
benefits of larger d values are greater in case of high
modules’ elevation. Lastly, figure 15 confirms that these
general trends are valid for all the locations investigated in
this study, identified using the diffuse fraction. However, the
exact magnitude of the derivative is location dependent and a
correlation with respect to the diffuse fraction is not found.

∂EY
∂h is analyzed in figure 16, 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 ∂EY

∂h are registered after a certain h value in this
case, highlighting the presence of an optimal height (hopt)
that maximizes the energy yield. Once such value is reached,
a further increase in h leads to minimal penalization in the
energy yield hence the optimal height can be appointed as a
saturation limit as well. Moreover, hopt depends not only on
the farm configuration but also on the row-to-row distance
and the specific location. In general, higher values of hopt

are obtained for tilted modules with respect to the vertical
counterpart. Moreover, in the former case hopt is proportional
to d value whereas in the latter such trend is not evident.

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 calculated depending on the location and
the other design parameters. This is the result of the influence
of d and h on individual aspects that affect the energy yield
calculation, including ground SVF, unshaded ground fraction,
mutual shading and non-uniformity of rear irradiance. Such
relations are outlined in table II.

TABLE II
INFLUENCE OF d AND h: WHETHER HIGH, LOW OR OPTIMAL VALUES ARE
BENEFICIAL FOR THE ENERGY YIELD CONCERNING DIFFERENT ASPECT.

Ground SVF Unshaded
ground fraction

Mutual shading GNU

Distance High High High High
Height Low High No influence Optimal

D. Economic potential of E/W vertical configuration

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

1) Max power fraction (nmax,power), which provides de-
tails about a possible curtailment strategy and it is de-
fined as the ratio between the maximum power allowed
and the nominal power of the power plant.

2) Ratio vertical/total modules (nvert), which consider the
possibility 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 (h)
5) Minimum noon price (pmin)
6) Price ratio (pratio)

The economic potential of vertical modules is quantified by
the revenues’ gain (Rgain) obtained while adopting the E/W
vertical configuration instead of the N/S tilted counterpart, as
shown in equation 18. Specifically, a positive Rgain indicates
that the E/W vertical is more profitable than the N/S tilted
configuration under the specified conditions.

Rgain =
Rnew configuration −Roptimal tilt

Roptimal tilt
· 100% (18)

A preliminary assessment of the economic potential of
the vertical configuration is performed by identifying the
combination of nmax,power and nvert that achieve a positive
revenues’ gain (Rgain > 0%). The results are visualized
through contour plots, as illustrated in figures 17, 18 and 19,
which report the examples of Utrecht and Madrid. The graphs
are characterized by nvert on the x-axis and nmax,power on
the y-axis whereas the contour lines refer to the energy yield
and the Rgain depending on the color scale. The main focus
of these graphs is to study the presence of ”gain regions”,
i.e. areas in the graph where the condition Rgain > 0% is
satisfied. Specifically, figures 18 and 19 show the enlargement
of the gain regions when d and pratio are increased, 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 low nmax,power is considered, which it 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 (pratio) required to achieve higher revenues using E/W
vertical instead of N/S tilted PV modules (Rgain > 0)? An
answer is provided by using scatter plots characterized by
pratio on the y-axis and the examined feature on the x-axis,
i.e. nmax,power, nvert, d or h. The size of each data point is
proportional to the number of the locations that satisfy the
condition Rgain > 0 for a specific pratio and feature’s value.
Moreover, a color scale is used to identify the diffuse fraction
(weighted-averaged yearly value) of each location. In case
a data point represents more than one location, i.e. is larger
in size, the color refers to the average diffuse fraction of
these locations. Price ratios between 1 and 10 are considered
in the analysis. Furthermore, the dots correspondent to the
maximum value on the y-axis indicate the locations for which
the condition Rgain > 0% is never achieved for these pratio
values. In simple terms, the larger the size of the dots at the
bottom of the graphs, the higher is the profitability of the
vertical/hybrid farm with respect to the conventional tilted
configuration.
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(a) (b)

Fig. 15. Derivative of the energy yield with respect to the row-to-row distance ( ∂EY
∂d

). Values of the 102 different locations are presented for each value of
d using the diffuse fraction color scale and for both tilted (a) and vertical (b) configuration. A height of 1m is considered.

(a) (b)

Fig. 16. Derivative of the energy yield with respect to the height ( ∂EY
∂h

). Values of the 102 different locations are presented for each value of h using the
diffuse fraction color scale and for both tilted (a) and vertical (b) configuration. A distance of 5m is considered.

First, the influence of nmax,power is depicted in figure
20, where both vertical and hybrid farms are considered,
namely nvert = 1 and variable nvert, i.e. the value nvert

is chosen in order to maximize Rgain. It can be observed
that the profitability of the vertical configuration increases as
the nmax,power value decreases, as expected. However, such
trend is only evident for nmax,power < 0.7 which entails
significant power losses due to curtailment. Moreover, it is
evident that hybrid PV farms are beneficial only for low
nmax,power values. This is confirmed also by figure 21, where
the influence of nvert is investigated for different curtailment
strategies, highlighting that no effect can be detected in case
nmax,power = 1.

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 pratio and pmin is found

to be minimal, i.e. less relevant than the inter-dependence of
the design parameters. Figure 22 shows 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 hopt and minor
impact of h on the energy yield are observed for the vertical
case. In general, the impact of h is limited with respect to d
concerning the comparison between the two configurations.

With the exception of negative values, for which vertical
configurations are always preferable, pmin does not affect the
values of Rgain. This is caused by Rgain definition since it is
expressed in relative terms, as demonstrated in the Appendix
D. Lastly, table III summarizes the results outlined in the
previous paragraphs.
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(b)
Fig. 17. Contour plots that show the energy yield and the revenues’ gain for different nmax,power and nvert values. The examples of Utrecht (a) and
Madrid (b) are presented. The other variables are set as follows: d = 3m, h = 1m, pmin = 200 C/MWh, pratio = 2
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(b)
Fig. 18. Contour plots that show the energy yield and the revenues’ gain for different nmax,power and nvert values. The examples of Utrecht (b) and
Madrid (b) are presented. The other variables are set as follows: d = 4m, h = 1m, pmin = 200 C/MWh, pratio = 2
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Madrid - Price ratio:5 -  Height:1m - Distance:4m
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(b)
Fig. 19. Contour plots that show the energy yield and the revenues’ gain for different nmax,power and nvert values. The examples of Utrecht (a) and
Madrid (b) are presented. The other variables are set as follows: d = 4m, h = 1m, pmin = 200 C/MWh, pratio = 5
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Fig. 20. Influence of nmax,power on the minimum price ratio required to achieve Rgain > 0%, where both nvert = 1 (a) and nvert = var (b) are
considered. The other variables are set as follows: d = 4m, h = 1m, pmin = 100 C/MWh
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Fig. 21. Influence of nvert on the minimum price ratio required to achieve Rgain > 0%, where both nmax,power = 0.7 (a) and nmax,power = 1 (b) are
considered. The other variables are set as follows: d = 4m, h = 1m, pmin = 100 C/MWh

An example of global visualization is depicted in figure 23,
where the minimum pratio required to satisfy the condition
Rgain > 0% is highlighted. Even though the spatial diversifi-
cation of the results suggests that the profitability of vertical
modules is strictly dependent on the local climate, a slight
trend can be recognized with the diffuse fraction. Specifically,
locations characterized by a low diffuse fraction are favourable
for E/W vertical configuration. This is proved by analyzing
the correlation between the diffuse fraction representative of
each location and Rgain. The results illustrated in 24 show
that negative correlation is obtained whereas its magnitude
depends on the design parameters and the market conditions.
Moreover, such correlation increases (in absolute value) up to
−0.7 when only morning/evening hours are considered.

VII. CONCLUSIONS

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 is compared with
the conventional N/S tilted counterpart and the analysis is
extended to a global scale. This is achieved through the
development of a bifacial PV model that estimates the power
generated by a large-scale farm. An extensive literature
review has been performed to understand the features and
the limitations of the existing models used for bifacial PV
modules, concluding that 2D view factor method represents
the only feasible solution when multiple locations are
simulated. A multi-dimensional matrix approach has been
adopted to include the effect of the non-uniformity of the
incident irradiance without affecting the computational time of
the simulations. Moreover, such model enables the simulation
of farms characterized by unconventional configurations since
the design parameters can be set at each row instead of for
the entire farm.
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Fig. 22. Influence of d (a) and h (b) on the minimum price ratio required to achieve Rgain > 0%. The other variables are set as follows: h = 1m (a)
d = 4m (b), pmin = 100 C/MWh, nvert = 1, nmax,power = 1

TABLE III
INFLUENCE OF DIFFERENT VARIABLES ON THE MINIMUM pratio

REQUIRED TO SATISFY THE CONDITION Rgain > 0%

Variable Influence
nmax,power The influence is significant only in case of low

nmax,power values, which are not considered rele-
vant for large-scale PV farms.

nvert Hybrid PV farms are favourable only in case of low
nmax,power , hence they are not relevant for this
study.

d Large d values increase the profitability of the ver-
tical 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.

pmin Only the sign of the minimum price is relevant to de-
cide the optimal configuration and vertical modules
are always preferred in case of a negative pmin.

The model has been validated in collaboration with the
company Kipp & Zonen, testing different tilt values and
ground types. The validation is limited to the irradiance
incident on the rear side of the modules along six different
positions, since the submodels adopted to predict the
front irradiance and to estimate the electrical power are
inherited from the monofacial technologies. Overall, MBD
and RMSE between modelled and measured data amount
to −1.29W/m2 (−2.22%) and 12.65W/m2 (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 configuration in terms of market revenues. The
following conclusions have been drawn:

Fig. 23. Global map for the minimum price ratio for which vertical modules
are more profitable than tilted ones. The relevant variables are set as follows:
d = 5m, h = 1.2m, pmin = 100 C/MWh, nvert = 1, nmax,power = 1

1) The profitability of E/W vertical over the N/S tilted
configuration 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.

2) The influence of the curtailment strategy is limited to
the cases when the maximum power allowed is lower
than 70% of the nominal power (nmax,power < 0.7).

3) Hybrid PV farms which combine both configurations are
beneficial only in case of heavy curtailment strategies,
namely nmax,power < 0.7, otherwise either completely
vertical or entirely 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 mag-
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Fig. 24. Correlation between the diffuse fraction (GHI-weighted average) and Rgain. The influence of d, h and pratio is highlighted. Unless specified in
the legend, the other variables are set as follows: d = 4m, h = 1m, nvert = 1, nmax,power = 1

nitude 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.

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 in-
crease in the row-to-row distance fosters the profitability
of E/W vertical over N/S tilted configurations.

6) An optimal height that maximizes the energy yield and
revenues can be calculated for vertical and tilted PV
modules. Such value is lower for the former configura-
tion and 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
other parameters.

7) There is a negative correlation between the revenues gain
of vertical over tilted PV farms and the GHI-weighted
average diffuse fraction of the locations. Such correla-
tion increases (in absolute value) when only mornings
and evenings are considered, meaning that vertical PV
farms are favourable in locations characterized by a low
diffuse fraction during morning and evening hours.

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

1) 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.

2) 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 meteorological param-
eters could be investigated through machine learning
techniques. Such improvements would enable applica-
tion of methods that are computationally more intense,
e.g. genetic algorithms to optimize farms on row’s level.

3) The influence of different ground types and the bifacial-
ity factor should be studied to complete the sensitivity
analysis performed in this study.

4) 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. PV modules’ shadows

Equations 19, 20 and 21 are adopted to calculate the shadow
of the modules on the ground, as depicted in figure 25.

y1 =
h− l

2 sin(θ)

tan(ϕs)
− l

2
cos(θ) (19)

y2 =
h+ l

2 sin(θ)

tan(ϕs)
+

l

2
cos(θ) (20)
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[
0, arctan

(
tan(as)

cos(Am −As)

)]
(21)

B. View factor between PV cell and ground segment

The expression 22-25 are used to calculate the length of the
segments included in equation 9, referring to figure 7.
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Fig. 25. Extremes of the shadow on the ground
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√(
h +

(
x −

l

2

)
· sin(θ)

)2

+

(
y2 −

(
x −

l

2

)
· cos(θ)

)2

(23)

BC =

√(
h +

(
x −

l

2
+ c

)
· sin(θ)

)2

+

(
y1 −

(
x −

l

2
+ c

)
· cos(θ)

)2

(24)

BD =

√(
h +

(
x −

l

2
+ c

)
· sin(θ)

)2

+

(
y2 −

(
x −

l

2
+ c

)
· cos(θ)

)2

(25)

C. View factor between PV cells and neighbouring modules

The view factor between PV cells and neighbouring mod-
ules (V Fc→m) are calculated according to the expression 26,
where the segments are obtained from the coordinates included
in the equations 27-30, as illustrated in figure 26. Taking into
account the possibility of unconventional configurations adds
complexity to these equations. Specifically, symbols ξ1 and ξ2
indicate the angles between the lines that connect the extremes
of the cell and the neighbouring modules and the vertical
direction.

V Fc→m =
BC +AD −AC −BC

2 · c
(26){

xa = (x− l
2 ) · cos(θ1)

ya = h1 + (x− l
2 ) · sin(θ1);

(27)

{
xb = (x− l

2 + c) · cos(θ1)
yb = h1 + (x− l

2 + c) · sin(θ1);
(28)

{
xc =

− tan(ξ1−π
2 )·xa+ya+tan(θ2)·d2−h3

tan(θ2)−tan(ξ1−π
2 )

yc = tan(θ3) · (xc − d2) + h3

(29)

{
xd =

− tan(ξ2−π
2 )·xb+yb+tan(θ3)·d2−h3

tan(θ3)−tan(ξ2−π
2 )

yd = tan(θ3) · (xd − d2) + h3

(30)

θ1

l

h1

c
x

θ2
l

h2

d1

θ3

l

h3

d2

A

B

C

D

Fig. 26. View factor between a cell and the neighbouring module

D. Temperature of PV cells: INOCT model

Equations 31-35 are used to estimate the cells’ temperature
using INOCT model, where rack mounting installations are
considered.

TINOCT = TNOCT − 3 (31)

Tcell = Tamb +
Gtot

GNOCT
· (TINOCT − 20◦C) (32)

Gfront =

∫ λ2

λ1

[Ifront,sky(λ) + Ifront,ground(λ) + Ifront,mod(λ)] dλ

(33)

Grear =

∫ λ2

λ1

[Irear,sky(λ) + Irear,ground(λ) + Irear,mod(λ)] dλ (34)

Gtot = Gfront +Grear (35)

APPENDIX B
EXPERIMENTAL VALIDATION: ADDITIONAL DATA

Tables IV, V, VI include the installation conditions and the
detailed results of the validation process.

TABLE IV
DESIGN PARAMETERS USED FOR THE VALIDATION.

Design Parameter Value
Length 2.14m
Orientation 187◦N
Height (from the bottom extreme) 0.5m
Row-to-row distance 4.3m− 4.8m− 5m

TABLE V
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 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 0.50 52◦

6-9-2020 9.00-19.00 N.A. White fleece 0.45 52◦

7-9-2020 12.30-19.00 Cloudy White fleece 0.50 52◦

13-9-2020 9.00-19.00 Sunny Stones 0.18 52◦

APPENDIX C
SPECIFICATION OF THE MODULES

Table VII summarizes the specifications of the modules
adopted for the simulations.
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TABLE VI
VALIDATION RESULTS: RMSE AND MBD BETWEEN MODELLED AND MEASURED DATA FOR THE SELECTED DAYS.

Sensor 1 (bottom) Sensor 2 Sensor 3 Sensor 4 Sensor 5 Sensor 6 (top)
Day Unit RMSE MBD RMSE MBD RMSE MBD RMSE MBD RMSE MBD RMSE MBD

28-7-2020 [W/m2] 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/m2] 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/m2] 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/m2] 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/m2] 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/m2] 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/m2] 2.02 0.42 1.78 -0.08 2.17 -0.65 2.71 -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/m2] 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/m2] 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/m2] 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/m2] 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/m2] 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 VII
PV MODULES’ SPECIFICATIONS ADOPTED IN THIS STUDY, BASED ON THE

PRODUCT LG400N2T-A5.

Parameter Value
Dimensions of the module (w · l) 2.064× 1.024m
Cells configuration 6× 12
Bypass diodes 3
Cell’s length (c) 0.1707m
Rated power (Prated) 440Wp
Short-circuit current (Isc,STC ) 11.24A
Open-circuit voltage Voc,STC 49.7V
Series-connected cells (Ns) 72
Parallel-connected cells (Np) 1
NOCT Temperature (TNOCT ) 45◦C
Temperature coefficient for Isc (kIsc ) 0.03%/C
Temperature coefficient for Voc (kVoc ) −0.27%/C
Ideality factor (n) 2
Reflectivity (r) 10%

APPENDIX D
INFLUENCE OF pmin 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’s consider two different
electricity price curves e1(t) and e2(t) modelled as described
in section IV. Suppose that are characterized by the same price
ratio (pratio,1 = pratio,2) but two different (positive) minimum
noon prices (pmin,1 ̸= pmin,2). According to their definition,
the relation between e1(t) and e2(t) expressed in 36 is valid.

e1(t) =
pmin,1

pmin,2
· e2(t) (36)

The revenues of the vertical and the tilted configuration

obtained for the market conditions described by e1(t) are
indicated with Rv,1 and Rt,1. Similarly, Rv,2 and Rt,2 refer
to e2(t) electricity price curve. The revenues’ gain can be
obtained as shown in 37 and 38, where Pv(t) and Pt(t) are
the power curves of the vertical and tilted farm during the time
period [t1, t2].

Rgain,1 =
Rv,1 −Rt,1

Rt,1
=

Rv,1

Rt,1
− 1 =

∫ t2
t1

e1(t)Pv(t)dt∫ t2
t1

e1(t)Pt(t)dt
− 1

(37)

Rgain,2 =
Rv,2 −Rt,2

Rt,2
=

Rv,2

Rt,2
− 1 =

∫ t2
t1

e2(t)Pv(t)dt∫ t2
t1

e2(t)Pt(t)dt
− 1

(38)

Therefore, combining the relations 36, 37 and 38, the
condition illustrated in equation 39 is derived, proving the
validity of the statement concerning the impact of pmin on
the results.
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Rgain,1 =

∫ t2
t1

e1(t)Pv(t)dt∫ t2
t1

e1(t)Pt(t)dt
− 1 =

=

∫ t2
t1

[
pmin,1

pmin,2
· e2(t)

]
Pv(t)dt∫ t2

t1

[
pmin,1

pmin,2
· e2(t)

]
Pt(t)dt

− 1 =

= �
��pmin,1

pmin,2
·
∫ t2
t1

e2(t)Pv(t)dt

���pmin,1

pmin,2
·
∫ t2
t1

e2(t)Pt(t)dt
− 1 =

=

∫ t2
t1

e2(t)Pv(t)dt∫ t2
t1

e2(t)Pt(t)dt
− 1 = Rgain,2 (39)

APPENDIX E
RESULTS: ADDITIONAL VISUALIZATIONS

Additional visualizations are included concerning global
maps for the minimum price ratio required to achieve a
revenues’ gain while using vertical PV modules instead of
the optimally-tilted counterpart. The various cases depicted in
figure 27 refer to different design parameters.
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(a) Design parameters: d = 4m, h = 0.6m (b) Design parameters: d = 4m, h = 1.2m

(c) Design parameters: d = 5m, h = 0.6m (d) Design parameters: d = 5m, h = 1.2m

(e) Design parameters: d = 6m, h = 0.6m (f) Design parameters: d = 6m, h = 1.2m

Fig. 27. Global map for the minimum price ratio for which vertical modules are more profitable than tilted ones. The other variables are set as follows:
pmin = 100 C/MWh, nvert = 1, nmax,power = 1
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