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Comparative assessment of energy production of bifacial and monofacial
photovoltaic modules in floating installations

Ricardo Adinolfi Borea - Francesco Lo Franco -
Vincenzo Cirimele - Francesco Melino - Mattia Ricco

Abstract Among the various technologies related to pho-
tovoltaic production, so-called bifacial modules have been
finding increasing success in recent years. Compared with
the classic single-sided version, these modules offer the pos-
sibility of harvesting also the irradiance incident on the back
surface while retaining the same construction characteristics.
For these reasons, bifacial modules are gaining popularity
as a replacement for their monofacial counterparts. In eval-
uations about the convenience of such substitution, special
attention should be paid to the important role played by the
surface area below the module, which has an impact on the
albedo coefficient, and to the fact that bifacial modules have
a lower temperature coefficient. This paper focuses on the
specific installation mode of floating plants for which the
water surface near the modules has an impact as much in the
albedo coefficient as in the operating temperature compared
to on-land installations. The work therefore aims to evalu-
ate the effectiveness of replacing monofacial modules with
bifacial modules in a flaoting installation through the devel-
opment and use of dedicated modeling. The results obtained
on the floating installation are compared with an on-land
installation.
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1 Introduction

In the framework of the European Green Deal, the European
Union (EU) set a target of 32% for the national electric en-
ergy demand covered by renewable energy sources (RESs),
for each member state, by 2030. In the Communication [1],
the EU states that the photovoltaic-supply-chain advance-
ments brought a decrease in the energy production cost of
solar energy of 82% during the last decade. At present, the
most widespread technology for photovoltaic modules is the
one based on monofacial cells. Alongside this one, a version
called bifacial is gaining favor [2]. Compared with the mono-
facial photovoltaic (mo-PV) module, the bifacial photovoltaic
(bi-PV) module can convert also the incident irradiance of the
back surface into electricity hence increasing the power den-
sity of the module. Additionally, bifacial modules share with
monofacials also the composition, manufacturing processes,
installation modalities, and regulatory framework. This has
effectively made the market ready for bi-PVs and, in fact, the
International Technology Roadmap for Photovoltaic report
(ITRPV) forecasts that bi-PVs will cover 70% of the global
photovoltaic market share by 2033 [2].

One of the main issues associated with the installation
of large photovoltaic systems is the land occupation. This
problem becomes significant in densely populated countries,
where land is mainly used for agricultural or residential pur-
poses. For this reason, floating photovoltaic systems (FPVs)
on the surface of reservoirs are increasingly being deployed
in emerging countries. For example, China and Taiwan own
respectively 50%, 12% of the global installed FPV capacity
(i.e., 2579 MW in 2021) [3]. Besides offering the possibility
of avoiding land occupation, installation in reservoirs pro-
vides other advantages. Mainly, the presence of FPVs brings
a reduction in the evaporation rate of water and the reduction
of algal growth. The work [4], demonstrated that FPV can
be effectively used to entirely supplant the power supply of
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the plant’s auxiliary infrastructure. Clearly, proximity to the
water surface inevitably leads to an increase in local humid-
ity that must be properly managed. In fact, humidity can
impact algae growth and, thus, the mechanical tightness of
the mounting structure. Consequently, inevitable increases in
installation and maintenance costs are seen when compared
to land installations [3].

In terms of the effect on power generation of the PV
system, the proximity of water introduces two main aspects.
The first relates to the effect on module operating temper-
ature. As shown in [5], the thermal inertia of the reservoir
allows the thermal gradient of the air near the water surface
to be reduced. During the warmer months, this leads to a
module operating temperature decrease resulting in an in-
crement in PV production. This benefit, even if shared by
both technologies, is more appreciated on mo-PVs due to a
slightly higher thermal coefficient [6,7,3,8]. The second as-
pect can be summarized through the albedo coefficient. This
coefficient represents the reflectivity of light radiation and is
defined as the ratio of incident and reflected solar radiation
from a surface. It depends on the characteristics of the surface
itself and the wavelength of the radiation considered. It there-
fore becomes immediately clear how the presence of a water
surface significantly affects the albedo and, consequently,
the power production of bi-PVs whose rear surface exploits
specifically the reflected radiation. Finally, it is worth noting
that the reflection effect on a transparent liquid is highly de-
pendent on the elevation of the sun and, therefore, the albedo
coefficient is a time-varying parameter. This variation is in-
stead typically neglected in the assessment of on-land PV
plants. It therefore seems clear that a comparative evaluation
between monofacial and bifacial modules in floating instal-
lations introduces several elements that need to be properly
taken into account and modeled.

This paper focuses on the evaluation of energy produc-
tion performance in a photovoltaic installation assumed at
the location of Lake Suviana, near the city of Bologna, Italy.
The evaluation involves the comparison of the two technolo-
gies mo-PV and bi-PV and considers the effects of water on
module operating temperature, albedo coefficient, and back
irradiance. The results are compared with those of an instal-
lation on grassland to verify whether or not real benefits are
obtained on annual energy production.

2 Monofacial and bifacial PV modules modeling

For both PV module technologies considered, the provided
electrical power, indicated as Py., depends majorly on the
incident irradiance on the module surface Geq. According to
[9], the relationship between the output power of the module

and the incident irradiance can be expressed:

Py = %qumpp(lJrS(Tcell*Tre )) ’ (1
ref

where G,r is the reference incident irradiance (i.e. refer-
ence value used in the characterization standard IEC 60904-
1-2 whose value is equal to 1 kW/ m?) and Pac,mpp 18 the
product of the max power point current (Iipp) and the max
power point voltage (Vimpp). Moreover, J is the so-called
temperature coefficient, that multiplies the difference be-
tween the operative cell temperature T and the reference
operative cell temperature Tp.¢. The coefficient d allows to
model the effect of the temperature on Py, end can be ob-
tained following the indications reported in the standards IEC
60891 and IEC 60904-1-2. § is set constant over the entire
working temperature range [11]. In particular, typical values
of § are in the range —0.25 + —0.35%/°C for bi-PVs, and
—0.35+—-0.50%/°C for mo-PVs [3,6-8]. Such values are
correlated to the heat capacity of the wafering structure of
the PV module, which is different between bi-PV and mo-PV.
In particular, while in mo-PVs the back sheet of the module
is usually made of aluminum and the rear electrical contact
is shaped as a continuous foil, in bi-PVs the back sheet is
made of glass and the rear electrical contact assumes a retic-
ular shape. Thus, light is allowed to reach the semiconductor
material of the cell from both faces.

The temperature Tj;, which concerns the innermost part
of the module structure, can be correlated to the PV module
temperature Tj,oq utilizing the thermal model of [9]:

G
P2 AT mod - 2)

Teent = Tinod + Gref

In this model, Gpo, represents the total amount of incident ir-
radiance on the PV module (for both technologies, is the sum
of the irradiance on both sides) while AT,q is the difference
between T and Tp0q at the reference condition Gper [10].
Temperature T;,oq is obtained through [9]:

Tinod = Tair + Gpoa elatbWs) s (3)

where T, is the air temperature, a and b are empirically
determined coefficients, and WS is the wind speed.

Focusing on the total incident irradiance Geq used in Eq.
(1), such parameter can be split into two parts related to the two
different surfaces of the module, i.e. the component harvested
by the front surface (Gyon) and the one hitting the rear surface
(Grear)- The component Gieor is weighted by a bifacciality
factor (@mod), that is the parameter that represents the capacity
of the PV module to harvest the incident rear irradiance:

Geq = Gfront + Grear Pmod - (4)

The bifacciality factor is equal to zero for mo-PVs while
it assumes positive values from zero to one for bi-PVs. Each
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component of irradiance is an ensemble of a direct com-
ponent and a reflected component. Clearly, for Gieqar, the
magnitude of the reflected component depends majorly on
the reflectivity of the surface under the module commonly
called albedo coefficient and here indicated as p. The albedo
coefficient provides an indication about the amount of irradi-
ance reflected by a specific surface with respect to the total
incident irradiance that hits the surface, in percentage.

To quantify the performance of both monofacial and bifa-
cial technologies, the bifacial gain:

BG = 100 220~ Eymeo

¥,mo

®)

is defined. Such a gain expresses, in percentage terms, the
difference between the annual energy yield ratio of a bi-PV
Ey i, and that of a mo-PV Ey .

Each annual energy yield ratio is expressed as the ratio
between the energy yield by the module in one year over
the nominal power of the module. The same relation can be
easily extended at a system level by considering the overall
number of modules and the overall capacity offered:

__energy produced per year (in Wh)

E
Y installed capacity (in W)

(6)

2.1 Water influence on the albedo coefficient

As can be inferred from the relationship expressed in (2),
by acting on the Gpo, term, the albedo coefficient can be
correlated with the operational cell temperature 7). Zhang
Z. et. al. experimentally quantified this effect in the work
[8] obtaining, compared with the case installation on the
water surface, an increase in the cell temperature of +1.7 °C
in the case of installation on grassland and an increase of
+3.2 °C for an installation on cement rooftop. According to
(1), such a difference could cause a decrease in the electrical
conversion of the module up to 1.6%.

Considering the modeling of the albedo coefficient, this
depends on the characteristics of the material and the topology
of the surface. Commonly, for non-transparent materials, such as
grassland, p is considered a constant value while, for transparent
materials, such as water, p must be considered also dependent
on the angle of incidence of the irradiance. This dependency
can be described through the Hannabas model [12]:

p= c(l+rsine) , (7

where c is a coefficient depending on the color, r is the rough-
ness coefficient, and e is the solar elevation angle. In the
case of non-transparent surfaces, the component related to
the solar elevation can be neglected so » can be considered 0,
and p is simply equal to c.

2.2 Water influence on the air temperature

In addition to the effect on the albedo coefficient, proximity
to water bodies also introduces an appreciable effect on cell
operating temperature. In general, the phenomena of water
evaporation and the resulting heat transfer effects lead to a
local lowering of the ambient temperature and a consequent
lowering of T;;. Additionally, the greater thermal inertia of
water compared to air leads water to have a different surface
temperature than the atmospheric air. This means that the
mean water surface temperature of a lake over the year has a
lower value than the atmosphere during summer, and a higher
value during winter. The work [13] examined several Swiss
lakes and indicates how the difference between atmospheric
air and water surface temperatures can be as high as 3 °C. G.
Tau et. al. in [5] investigated the heat fluxes and the resulting
temperature variation along the day, for the lake in the Aga-
mon Hula Natural Park in Israel. That work showed that the
temperature within three meters from the water surface has
even lower temperature values. Considering a data collection
phase from 27" of May to 27" of July, in measuring the
difference between the water surface temperature and the air
temperature at 3 m from water surface, values of —2 °C circa,
—5 °C, and 0 °C, are obtained respectively as daily mean,
maximum, and minimum values. From these data, it can be
concluded how it can be expected that the temperature dif-
ference between the atmospheric air and the air layer within
a distance of three meters from the water surface can reach
8°C [14]. This layer of air is precisely the layer concerned
by the presence of PV modules in the floating applications
of interest to this work.

3 Case study and analysis

The objective of the analysis is to compare the energy perfor-
mance of a bi-PV power plant versus the corresponding mo-PV,
in the case of both an on-grassland and floating system. The
comparison is made assuming that the installations are located at
the reservoir Lake Suviana in the vicinity of the city of Bologna,
Italy (coordinates 44.125 © lat., 11.040 ° long.; see Fig. 1). The
two kinds of installation are referred to as Scenario G for the
grassland PV plant and Scenario F for the floating one.

The PV power plant mounting structure has been consid-
ered the same for all scenarios and is shown in Fig. 2. The
structure assumes the presence of four parallelepiped elements
that assume the role of ballasts in the case of land installation
and floats in the case of floating installation. The remaining
structure is of the classical type composed of metal elements
and allows the panels to be maintained with a 15 ° inclination
and a distance between rows of 3 meters. This inclination was
chosen considering a high wind load and a consequent need
to maintain a moderate tilt. The four parallelepipeds at the
corners were assigned an albedo coefficient of 0.4.
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Three different case studies have been developed for Sce-
nario F, which differ in the value assumed by the ambient
temperature. This value is varied for each case to emulate
the local temperature conditions discussed in Sec. 2.2. The
meteorological conditions assumed for all scenarios are the
ones of the Typical Meteorological Year (TMY) for the area
of Suviana Lake. In the F1 scenario, the air temperature is set
exactly equal to the Tiy,y temperature of the TMY. This choice
was made so as to use the F1 scenario to evaluate exclusively
the effect that the water surface has on the albedo coefficient.
Otherwise, scenarios F2 and F3 simultaneously consider the
effect of water on the albedo coefficient and the local tempera-
ture near the modules. The F2 scenario represents an average
condition for which it is assumed that the air temperature is
higher than the TMY temperature by 2 °C in the winter months
(i.e., November to March) and lower by 2 °C in the summer
months (i.e., June to September). In contrast, no difference
between Ty and T was assumed for October and April. In
contrast, the F3 case reproduces a condition similar to the work
[5] in which the temperature differences of the F2 case were
increased to 5 °C. Scenario G assumes no difference between
Timy and T,;; and the albedo coefficient is assumed constant
and equal to 0.15 [15]. The remaining parameters adopted for
the analysis are reported in Tab. 1 while Tab. 2 summarizes
the characteristics set for the PV modules.

The whole analysis is carried out by using the Python
library ”Bifacial_radiance” [16]. The solar-position data are
retrieved from the Python library ”PVIib” [9], and the mete-
orological data from PVGIS [17].

4 Results

The graph in Fig. 3 shows the annual energy yield ratio of
mo-PVs and bi-PVs, and the bifacial gain for each scenario.
It can be noted how Ejy ; is always higher than Ey 1, as ex-
pected. Furthermore, with respect to Scenario G, the floating
scenarios show always lower BG. The obtained values of BG
are 11.52, 11.13, 10.91, and 10.57, for the G, F1, F2, and
F3 scenario respectively. This means that, from G to F1, F2,
and F3, the energy yield improvement brought by bi-PVs is
lower. To investigate BG, the magnitude of the incident rear
irradiance and, in particular, the relationship between p and
the irradiance of the day can be observed. Fig. 4 shows the
comparison in terms of albedo coefficient p for the scenario
based on the floating installation and on the land installation
on two representative days of the year that are the summer
solstice and the winter solstice. At the bottom of the same
figure, it is reported the trend of global horizontal irradiance
(Ghi) which, i.e., is the incident irradiance on a horizontal
surface and the major variable affecting Geq and Gpoa. It is
emphasized the importance of the shape of p, with respect
to the Ghi shape, and its key role for bi-PVs. In fact, p is the
focal value to permit Ghi to be reflected, hit the rear surface
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Fig. 1: Geographical location of the reservoir Lake Suviana,
Bologna, Italy.

-

j

(a) Front view (b) Side view

Fig. 2: Front view (a) and side view (b) of the PV system
mounting structure assumed for the analysis.

Table 1: Adopted parameters for the four case studies.

Parameter G F1 F2 F3

Latitude 44.1° 44.1° 44.1° 44.1°

Longitude 11.3° 11.3° 11.3° 11.3°

AT Tair Tair Toir £2 °C Tir £5 °C
c=0.15 c=0.23 c=0.23 c=0.23

Albedo (7) r=0 r=123 r=123 r=1.23
(constant)  (variable) (variable) (variable)

Table 2: Electrical and thermal parameters of PV modules.

Parameter mo-PV  bi-pV
Max power point voltage Viypp 492V 492V
Max power point current Iypp 10.15A 10.15A
Bifaciality factor @meq - 70%
Electric conversion efficiency 20% 20%
N° rows x n° modules 3x7 3x7
Tilt angle 15° 15°
Pitch 3m 3m
Parameter a -3.56 -3.47
Parameter b -0.0750  -0.0594
Cell-module temperature gradient ATyoq 3.0 3.1
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Fig. 3: Annual energy yield ratio for mo-PV and bi-PV, and
bifacial gain for the G, F1, F2, and F3 scenarios.

of bi-PV, and increase Py.. On the other end, for mo-PV such
a condition does not directly impact Pyc.

Comparing bi-PVs and mo-PVs, with the respective grass-
land installation, Fig. 5 shows the percentage energy yield
ratio variation of the F1, F2, and F3 scenarios, with respect
to the G scenario. Considering the G and F1 scenarios, for
which only the albedo coefficient is changed, the percentage
energy yield ratio variation is higher for bi-PV than for mo-
PV, i.e. —1.05 % against +0.18 %. The mo-PVs installation
shows a positive variation thanks to the lower incident rear
irradiance due to a lower p. Such reduction decreases Gpoa,
and Teep, without affecting Geq, and improves the electrical
conversion efficiency of the module. On the contrary, the
bi-PVs installation suffers drastically from the reduction of
the rear irradiance because it impacts strongly on Ge.

Furthermore, considering the F1, F2, and F3 scenarios,
mo-PVs show a higher improvement of the energy yield
ratio for the same temperature variation when compared
with the bi-PV. From F1 to F2, where only T, is changed,
the energy yield ratio of the mo-PVs installation improved
of +0.45%, while the bifacial counterpart 0.24%. On the
same path, considering F2 and F3, where T, is changed of a
greater magnitude, the shown improvements are 0.69% and
0.38%, respectively for the mo-PVs and bi-PVs installation.
In particular, the two comparisons, F1-F2, and F2-F3, consid-
ering the same technology, are in alignment with the chosen
temperature coefficients (i.e., —0.30 %/°C for bi-PVs, and
—0.50 %/°C for mo-PVs).

—— Scenario G
Scenario F

—— Scenario G
Scenario F

Global horizontal
irradinace (W/mq)

0 ‘/¥

0 5 10 15 20 0 5 10 15 20
time (h) time (h)

(a) Summer solstice (b) Winter solstice

Fig. 4: Albedo coefficient for the floating scenario (orange),
for the grassland scenario (blue), and Ghi (red), in two days
of the year, summer solstice (a) and winter solstice (b).

15 mo-PV
bi-PV
S
>~ 1.0
5 0.63
B 0.5
c 0.18
©
(9]
2 0.0
&
g _05
5
T
210
s
-1.5
F1 F2 F3

Fig. 5: Annual energy yield ratio of the F1, F2, and F3 sce-
narios with respect to the G scenario.

5 Conclusions

This paper has evaluated the variation of the annual energy
yield ratio of mo-PVs and bi-PVs installations on grassland
and, on a floating installation in a reservoir. The effects re-
lated to the albedo coefficient and the air temperature have
been assessed. Results show that bi-PVs do always provide a
higher energy yield ratio than their monofacial counterpart.
In the F1, F2, and F3 scenarios, mo-PVs obtained respec-
tively 0.18%, 0.63%, and 1.32%, higher annual energy yield
ratios with respect to the G scenario. In particular, such im-
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provement is due to a synergy between the lower incident
rear irradiance, due to a lower albedo coefficient, and a lower
air temperature. On the other end, the bi-PVs installation
showed a lower annual energy yield ratio in the F1, F2, and
F3 scenarios, with respect to the G scenario. The improve-
ments brought by the temperature effect, considered only in
F2 and F3, do not overcome the albedo effect. This is due
to the shape of the albedo coefficient for a water surface,
which diminishes drastically the magnitude of the incident
rear irradiance. Comparing mo-PVs and bi-PVs installations,
it is reported how BG decreases from G to F1, F2, and fi-
nally F3. This indicates how the bifacial technology further
decreases its benefits as the temperature variation increases.
In particular, such a result is a direct cause of the temperature
coefficient, which leads the bi-PV to a lower influence by the
air temperature. To summarize, the work demonstrated that,
under the investigated scenario, bi-PVs can provide improve-
ments in the annual energy yield ratio higher than 10% when
compared to mo-PVs.
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