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Abstract

Most of PV modules designed to use bifacial cells are based on curved specular reflectors or on albedo reflectors to enhance the mod-
ule output power. This paper describes PV modules assembled with bifacial cells and with a white aluminum reflector in order to enhance
the solar radiation reaching the rear face of the solar cells. Two modules were fabricated by using p+nn+ bifacial cells and they were
electrically characterized. The aluminum reflector with reflectance near to 90% for the wavelength range 350–1100 nm associated to
the non-covered area between cell strings can enhance the output power of the modules in 29%. Modules with bifacial cells were installed
in a stand-alone system in Porto Alegre, Brazil. After operation during 18 months, we observed that dust induced power degradation in
the range of 1–4%, similar to that observed in standard modules. After cleaning, no power degradation was observed in the n-type bifa-
cial cell modules. Temperature of bifacial cells estimated by infrared images was between 5 �C and 9 �C higher than that of standard
modules. Bifacial cell modules presented the same behavior than standard modules when applied to stand-alone PV systems and achieved
an average performance ratio of 0.79.
� 2013 Elsevier Ltd. All rights reserved.
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1. Introduction

Bifacial solar cells have been studied since 1960s years
and their advantages stem from the possibility of convert-
ing the incoming solar radiation on both surfaces. Several
solar cell structures were developed in order to use
monocrystalline silicon wafers as starting material. Aberle
(1999), Cuevas (2005) and Coello et al. (2006) presented
reviews of the different approaches used to manufacture
silicon bifacial solar cells. For instance, in p-type mono-
crystalline silicon, most efficient devices were developed
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by researchers of the Hitachi (Ohtsuka et al., 2000) by
implementing a triode structure (with back contact n+

and p+ interleaved). Using float zone (FZ) silicon, the effi-
ciencies of 21.3/19.8% were achieved for front/rear illumi-
nation. High efficiency simplified bifacial devices based
on one pn junction and one back surface field region
(BSF), i.e., n+pp+ structure, were presented by Yang
et al. (2011) and Janben et al. (2009). The former reported
the results of industrial bifacial solar cells with large area
fabricated with Cz-silicon and screen printed contacts.
The best devices reached front and rear efficiencies of
16.6% and 12.8%, respectively (Yang et al., 2011). Janben
and coworkers (2009) also used Cz silicon and screen-
printed contacts, but instead to implement a uniform p+

region on the rear face, they deposit an Al metal grid to
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Nomenclature

ISC short-circuit current (A)
JSC short-circuit current density (mA/cm2)
VOC open circuit voltage (V)
FF fill factor
g cell efficiency (%)
gMod PV module efficiency (%)
Impp current at maximum power point (A)

Vmpp voltage at maximum power point (V)
Pmpp maximum power (W)
PR performance ratio
CA normalized array capacity
CS normalized storage capacity
LLP loss of load probability
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produce local BSF. The front efficiency of 17% and the rear
efficiency of 10.3% were reported.

Phosphorus doped silicon has been studied as an alter-
native to boron doped Si because n-type wafers have higher
tolerance to defects and impurities like iron (MacDonald
and Geerligs, 2004) as well as solar cells did not present
the light-induced degradation (LID) (Saitoh et al., 1999).
For example, by using FZ n-type silicon, Guo and Cotter
(2004) presented two kinds of laser-grooved bifacial solar
cells, one with metal grid on both faces and other with
interdigitated metal grids on the rear face. Efficiencies of
16.6/16.2% for the former and of 17/15.7% for the second
device were reported when devices were illuminated by
front and rear faces, respectively. Back-point contact solar
cells were also developed in n-type FZ wafers and bifacial
devices achieved efficiencies of 21.9/13.9% and 20.6/15.2%
for front/rear illumination. Differences in efficiency were
due to the metal area coverage of the rear face: 20% and
10%, respectively (Zhou et al., 1997). A new concept of
interdigitated back contact, called “Zebra” technology,
was presented recently and the authors proposed to use
them in bifacial modules (Galbiati et al., 2013). To produce
the “Zebra” cells, the fabrication process sequence did not
need expensive lithographic steps and interdigitated back-
contacts are implemented by screen-printing as well as Cz
wafers were used. Efficiency of cells for back illumination
was not presented, but the integration of the output power
over one day showed an improvement of about 12% for the
module with bifacial cells compared to that with mono-
facial ones, when the modules were installed over a ground
with reflectance of around 70%, faced south (north hemi-
sphere) and tilted of 30�.

Heterojunction with intrinsic thin layer (HIT) solar cell
is another n-type bifacial device. It was developed by Sanyo
and has been continuously studied and improved (Taguchi
et al., 2000; Mishima et al., 2011; Tohoda et al., 2012;
Dwivedi et al., 2013). Instead to use typical homojunctions
obtained by diffusion or ion implantation, junction is
produced by depositing thin-films of amorphous silicon.
Efficiencies of 23% were obtained and researchers reported
that the output power of the modules with bifacial cells can
be enhanced by more than 10% over the single side module
(Mishima et al., 2011). Another approach to fabricate
bifacial cells was presented by Bruk et al. (2009) and
Simashkevich et al. (2011). Solar cells were manufactured
with two isotype junctions in a n-type wafer and front junc-
tion was obtained by depositing an indium tin oxide (ITO)
layer. The back surface field region was produced by phos-
phorus diffusion (Bruk et al., 2009).

The standard p+nn+ structure with homogenous doped
regions was developed in FZ and Cz-silicon solar cells,
achieving efficiencies of 19.1/18.1% (front/rear illumina-
tion) and 17.7/15.2%, respectively, employing metal
contacts defined by photolithography (Moehlecke et al.,
1994, Cañizo et al., 2001). Buck et al. (2006) obtained effi-
ciencies of 15.9/13.4% (front/rear illumination) in large
area p+nn+ devices fabricated by using FZ silicon and with
metal grid deposited by screen-printing. Recently, Böscke
et al. (2013) reported results from large area p+nn+ solar
cells, also with homogeneous p+ and n+ regions, but the
details of the process were not presented. Cell achieved
an efficiency of around 20% when it was illuminated by
front face. Instead of presenting the efficiency of solar cells
when illuminated by rear face, the authors commented that
bifacial cells could improve the efficiency of a single side
module of around 10%.

First photovoltaic modules proposed to use the dual
face illumination in terrestrial applications were based on
flat mirrors that directed sunlight to the rear face of the
solar cells (Cuevas, 2005). Instead to use mirrors, albedo
collecting modules were developed in 80́s by using bifacial
cells and combinations of white-painted surfaces (Cuevas
et al., 1982; Cuevas, 2005). In a work that deal with the
estimation of radiation incident on bifacial modules,
Krenzinger and Lorenzo (1986) reported that annual solar
radiation incident on bifacial modules produced by the dif-
ferent orientated configurations of white painted reflector
planes could be nearly 70% higher than that collected by
conventional monofacial ones.

Moehlecke and Krenzinger (1991) proposed and
analyzed two kinds of modules assembled with diffuse
reflectors and bifacial cells. In those modules, the cells were
laminated keeping a space between them in order to allow
the solar radiation to reach the flat diffuse reflector. Then,
the reflected radiation can strike on the rear face of bifacial
cells. Module worked like the albedo-collecting one, but it
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is independent of the surroundings and the installation did
not require a physical separation from roof or architectural
elements of buildings. One of the modules proposed had an
air gap between the plane of cells and white reflector and
the other had the gap filled with a dielectric transparent
material to enhance the irradiance on the back face of
the solar cells by total internal reflection. Round solar cells
equally spaced were used. Taking into account cost consid-
erations to optimize the dimensions, the authors concluded
that in optimal modules with air gap and dielectric filled
gap reached about 25% and 40% more radiation on the
cells than a conventional monofacial module with the same
cell-area, respectively. Optimum thickness of the module
with filled gap was 10% of that of the air gap module.
For application of the PV modules in fac�ades or as a build-
ing integrated element, colored reflectors were proposed
(Moehlecke et al., 2001). By using a small experimental
prototype, the performance of different colored reflectors
was compared and it was concluded that yellow and orange
reflector can be used with a reduction in performance lower
than 7% when compared with white reflectors. Silveira
et al. (2003) proposed to use strings of pseudo-square bifa-
cial cells, as shown in Fig. 1, instead of the round cells of
the first prototypes presented by Moehlecke and Krenzin-
ger (1991). Dimensions of the module with white-painted
reflector were optimized taking into account the radiation
incident on the rear face of the bifacial cell strings as well
the cost of assembling materials. Although the solar radia-
tion reaching the rear face of solar cells rely on the space
between strings and on the distance from cells to white
reflector, cost evaluation showed that the thickness has to
remain lower than 60 mm, if the space between strings is
from 60% to 200% of the solar cell length. Best distance
between strings encountered was 100 mm, that is the length
of the pseudo-square cell considered. Therefore, 50% of
module area was covered with solar cells. From simulation
of the module during one year with bifacial cells with a rear
efficiency of 85% of front efficiency, the authors reported
that module produced 35% more energy than a standard
one with the same cell area. Febras et al. (2009) assembled
two prototypes with white reflector aiming to analyze the
irradiance distribution on the rear face of the strings as well
Fig. 1. PV module with bifacial cells and diffuse back reflector.
as to obtain the best orientation of solar cell strings, south-
north or west-east, for modules 48� tilted to horizontal
plane at Porto Alegre, Brazil (latitude = �30�). Mono-
facial cells were installed to measure the irradiance on the
rear face of the bifacial cells in five regions of the proto-
types. The best radiation collection was obtained by proto-
types with south-north orientated strings. The module
performance was limited by the lower radiation reaching
the rear face of bifacial cells near the edge of the modules.

Modules with bifacial cells and white reflector were pro-
posed to use as sun-shading element in fac�ades or as a roof
of carports, typical applications in the framework of BIPV
(building integrated photovoltaics) (Hezel, 2003). Strings
composed of square bifacial solar cells were laminated
between two glass sheets and they were arranged keeping
the distance of one cell-length between them. The white
reflector was attached to the module as an external ele-
ment. One of the prototypes presented four strings of 10
cells, 100 � 100 mm in size.

Uematsu et al. (2001, 2003) developed flat-plate static-
concentrator modules with v-groove reflector instead of
white painted reflectors. To manufacture the module, 32
bifacial cells (area of 24 mm � 80 mm) were soldered in
eight strings with four cells each. Space between strings
was 12 mm and the cells covered 67% of the module area.
Flat module was 4 mm thick and had an area of
378 mm � 349 mm. The influence of the orientation of
the strings was analyzed and the authors reported that
about 90% of the annual irradiation in Tokyo can be col-
lected by flat-plate static concentrator and the output
power was 2% larger than that obtained from standard
modules.

Experimental results from bifacial modules integrated
with external diffuse and semimirror reflector were recently
reported by Ooshaksaraei et al. (2013). Angle of reflector
and separation between solar cells and reflector were
addressed by using a solar simulator. A prototype was
manufactured with four 500 � 500 monocrystalline bifacial
silicon solar cells equally spaced covering 69% of the total
area. Maximum power was obtained when the mod-
ule + semimirror back reflector and module + diffuse
reflector was tilted 30� and 10� with respect to the horizon-
tal, respectively. In both cases, the optimized reflector-
module separation was 115 mm.

The aim of this paper is to present the experimental eval-
uation of PV modules with p+nn+ bifacial solar cells and a
white diffuse reflector. Bifacial solar cells were fabricated
and characterized and two PV modules were manufactured
following industrial standard assembling process. Modules
were characterized after the manufacturing and after
18 months of operation in a PV stand-alone system
installed in Porto Alegre, Brazil. Performance of PV mod-
ules with bifacial cells was compared to that of modules
with standard monofacial cells installed in a similar
stand-alone system. Moreover, the effect of dust deposition
and the degradation of the modules were analyzed.



Table 1
Average electrical characteristics of p+nn+ bifacial solar cells under
standard conditions (100 mW/cm2, AM1.5 G, 25 �C).

VOC (mV) JSC (mA/cm2) FF g (%)

ModBifa 01 (36 cells)

Illumination by front face – p+

601.6 ± 1.8 32.5 ± 0.2 0.71 ± 0.01 13.8 ± 0.2

Illumination by rear face – n+

604.3 ± 2.4 29.5 ± 0.3 0.74 ± 0.01 13.2 ± 0.2

ModBifa 02 (36 cells)

Illumination by front face – p+

602.1 ± 2.6 32.1 ± 0.4 0.71 ± 0.02 13.7 ± 0.2

Illumination by rear face – n+

605 ± 3 29.3 ± 0.6 0.74 ± 0.01 13.1 ± 0.2

256 A. Moehlecke et al. / Solar Energy 96 (2013) 253–262
2. Fabrication and characterization of p+nn+ bifacial cells

The process to fabricate p+nn+ bifacial silicon solar cells
was developed at NT-Solar/PUCRS and it is summarized
in Fig. 2. The starting material was PV-FZe silicon, n-
type, phosphorus doped, 1–15 O cm, h100i orientation
and 300 lm thick. Texture etch was done in an alkaline
solution based on KOH and isopropyl alcohol, the latter
used to improve the uniformity of the random pyramid tex-
ture. Wafers were cleaned in RCA standard solutions
(Kern, 1993) and a 100 nm thick SiO2 layer was grown at
1000 �C in a quartz tube furnace. Photoresist was spin
coated on one face and the non-covered oxide layer was
etched away in a buffered HF solution. After RCA cleaning
of the wafers, phosphorus diffusion using liquid POCl3-
based source was performed. Phosphorus silicate glass
(PSG) and SiO2 layer were removed in a HF bath and
wafers were cleaned. Commercially available solution com-
posed of boron and solvents (PBF20, Filmtronics, USA)
was used to produce the p+ region. Boron solution was
Fig. 2. Fabrication process sequence used to produce p+nn+ bifacial
silicon solar cells.
deposited by spin-on and to evaporate the solvents, a bak-
ing at 200 �C was carried out. Boron was diffused at
1000 �C in a quartz tube furnace and boron silicate glass
(BSG) was removed in a HF solution. The p+ and n+

regions presented an average sheet resistance of
(25 ± 3) O/h and (20 ± 1) O/h, respectively. Wafers were
cleaned in a RCA solution and an antireflection coating
(ARC) of TiO2 (68 nm thick) was deposited on both faces
by e-beam evaporation at high vacuum (pressure lower
than 8.5 � 10�5 torr). The metal grids, with 38 fingers
(100 lm wide) and 2 busbars were obtained by screen-
printing and we used an Ag paste (PV156, DuPont,
USA) on the n+ face (rear) and an Ag/Al paste (PV202,
DuPont, USA) on the p+ face (front). Metal pastes were
dry and co-fired in a belt furnace. Pseudo-square cells
(80 mm � 80 mm) were obtained after the laser edge isola-
tion process.

All the devices were characterized under standard condi-
tions (100 mW/cm2, AM1.5G and 25 �C) in a solar simula-
tor calibrated with silicon solar cells previously measured
at CalLab-FhG-ISE (Fraunhofer-Institut für Solare Ener-
giesysteme), Germany. Solar cells were classified in two sets
taking into account the short-circuit current (ISC). Table 1
presents the average characteristics of each set of bifacial
cells used in PV modules and Fig. 3 shows the current den-
sity–voltage (J–V) characteristics of a typical solar cell.
Efficiencies of around 14% were obtained without surface
passivation based on silicon nitride or silicon dioxide.
The low fill factors caused by the Ag/Al front metal grid
limited the efficiency. Similar results were obtained for rear
illumination mode due to the high bulk minority carrier
lifetime in FZ wafers used. However, it is worth to
mention that p+nn+ cells processed by using solar grade
n-type Cz-Si achieved the efficiencies of 13.5% (Zanesco
et al., 2012).
3. Fabrication of the modules

Two PV modules were fabricated with 36 bifacial cells in
order to achieve the typical voltage of 12–14 V to charge



Fig. 3. Electric current density as a function of voltage (J–V) of a typical
p+nn+ bifacial cell used to fabricate the PV modules.

Fig. 4. PV module with bifacial cells and with a white diffuse reflector.
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batteries in stand-alone systems. These modules were called
ModBifa. Four strings of nine cells were used in order to
allow the introduction of two by-pass diodes to protect
two strings independently, preventing hot-spot heating.
Each bifacial cell string was soldered by an automatic tab-
ber-stringer equipment and lamination was performed by
using high transparence tempered glass, fast cure EVA
and transparent backsheet (Primer + Tedlar� + PET,
100 lm/25 lm/175 lm). The module had the following
dimensions: 775 mm � 690 mm � 70 mm. The area of
modules was of around 0.535 m2. The distance between
the strings was 80 mm (the length of one pseudo-square
cell) according to the results of a previous work that dealt
with the optimization of the dimensions of modules with
diffuse reflectors (Silveira et al., 2003). As we commented
in the introduction, Silveira et al. (2003) reported that the
distance between strings must be of one cell length taking
into account the performance and the cost of the module.
This distance from string to string was also used by Hezel
(2003) in the prototypes with white reflectors attached.
Two aluminum frames 35 mm thick developed to mono-
facial standard modules were attached by using screws and
the PV804 silicone (supplied by Dow Corning�) was used
to seal the module. Therefore, the thickness of the module
was of around 70 mm and the distance between the glass
and the aluminum reflector was 60 mm, according to the
optimization performed by Silveira et al. (2003). Fig. 4 pre-
sents one of the modules fabricated with bifacial cells.

To obtain the white diffuse reflector, several commer-
cially available white paintings were analyzed by measuring
the hemispherical reflectance in the wavelength range from
350 nm to 1100 nm. The best white paint over aluminum
sheet presented an average reflectance above 90% for the
wavelength range 350–1100 nm. Samples of white-painted
aluminum sheet covered with EVA and glass were exposed
to ultraviolet radiation according to International Stan-
dard IEC 61345 (1998) by using an accelerated weathering
chamber and other samples were exposed to outdoor con-
ditions by 18 months and no reflectance degradation was
observed (Febras, 2008).

4. Electrical characterization of the PV modules

4.1. After fabrication

PV modules were electrically characterized by measur-
ing the current–voltage (I–V) curve under standard condi-
tions by using a solar simulator Bergerlichtechnik PSS8,
class AAA. Solar simulator was calibrated with a PV mod-
ule previously calibrated in the European Solar Test Instal-
lation (ESTI), Joint Research Center-European
Community, Italy. The electrical characteristics of encap-
sulated bifacial cells were measured with illumination by
n+ face (rear) and p+ face (front). After to seal the set com-
posed of glass, the frames and reflector and to attach the
junction box, the I–V curve of the completed module was
measured.

Fig. 5 presents the I–V characteristics of the encapsu-
lated cells and of the two modules produced. When the
encapsulated cells were illuminated by front face, short-cir-
cuit current of 2.0 A is slightly higher than that from the
cells (see Fig. 3). The open circuit voltage (VOC) of the
modules corresponds to that from 36 cells in series. The fill
factor (FF) is higher than that from the cells because the
tabs reduce the electrical resistance of the 2 mm wide bus-
bars with Ag–Al paste. When the module was illuminated
by the rear face, i.e., by n+n region of the bifacial solar
cells, there was a high difference between short-circuit cur-
rent of the solar cells and of the modules. Cells presented
an ISC from 1.80 A to 1.82 A and modules achieved only
1.50–1.53 A. All the cells were electrically characterized
and for the ModBifa 01, the worst cell presented an ISC

of 1.78 A and for the ModBifa 02, the lowest ISC was
1.75 A. The lower ISC of the module for rear illumination
is due to shadow produced by the aluminum frame over
the edge cells in every string.



Fig. 5. Current density as a function of applied voltage, measured under
standard conditions, for (a) ModBifa 01 and (b) ModBifa 02. Front and
rear illuminated electric parameters were obtained before to attach the
reflector.

Fig. 6. Monthly total irradiation concerning the period that the modules
were operating in PV stand-alone systems. Total irradiation during the
18 months was of 1.9 MW h/m2 (6.7 � 109 J/m2).
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As shown in Fig. 5, the white-painted reflector enhanced
the short-circuit current of around 25% and the output
power of the modules was increased from 31 W to 40 W
(29% higher).

4.2. After exposure to radiation

Two stand-alone systems were installed: one with the
modules ModBifa connected in parallel and other with
two standard modules with n+pp+ monofacial cells, also
connected in parallel. Standard modules were also fabri-
cated at NT-Solar/PUCRS in a pilot plant that produced
12,000 n+pp+ Cz–Si solar cells and 220 modules (Moeh-
lecke and Zanesco, 2012). Since the dimensions of the bifa-
cial and monofacial cells were the same, cell area was equal
for both systems. PV modules were installed in a surface
tilted 48�, faced to north, optimized for stand-alone sys-
tems installed in Porto Alegre, Brazil (Zanesco et al.,
2004). Total irradiance on the modules was measured with
an Eppley PSP pyranometer. Systems were monitored by
18 months, from October, 2010 to March, 2012. Fig. 6 pre-
sents the monthly total solar radiation during the period
that the modules were exposed. Total irradiation in the per-
iod was of 1.9 MW h/m2 (6.7 � 109 J/m2).

Electrical characteristics of the modules were measured
after the exposure, before and after the cleaning of the
PV modules. Table 2 summarizes the results obtained from
standard modules and modules with bifacial cells.

Before the cleaning, visual inspection of the modules
indicated dust accumulation, mainly on the bottom edge
of the modules. The power of modules with bifacial cells
degraded of about 1% and 4% for the modules ModBifa
01 and 02, respectively. In the same way, the power of stan-
dard modules 111 and 129 fell of 1% and 5.5%, respec-
tively. Main parameter that decayed was the short-circuit
current. Therefore, the power degradation due the dust
deposition in modules with bifacial cells and white reflector
is similar to that observed in standard modules. The dust
deposition depends on several conditions like the site, the
weather, the module tilt angle, the kind of glass surface,
etc., but similar values of power losses were presented by
several authors (Haeberlin and Graf, 1998; Hammond
et al., 1997; Casanova et al., 2012). Haeberlin and Graf
(1998) monitored during four years a 60 kWp system
installed in Switzerland and they concluded that dust accu-
mulation over the PV modules can reduce the power from
8% to 10% during the summer months due to pollution. In
Arizona, USA, Hammond and coworkers (1997) con-
cluded that ISC decreased by 3% due to the soiling during
the first nine months after installation and periodic clean-
ing produced by rain recovered the 99.5% of initial output.
Casanova et al. (2012) observed that mean daily irradiation
losses in a year caused by dust deposited on the surface of a
silicon-based PV module were of around 4% for modules
installed in Malaga, Spain (latitude = 36.7�) on a surface
tilted 30�. These results are similar to ISC degradation
observed in Porto Alegre and presented in Table 2.

After cleaning, we observed that most electrical param-
eters of the modules with bifacial n-type cells was
increased. The enhancement is in the range of uncertainty
of measuring I–V characteristics with solar simulator and
we can conclude that cells, encapsulating material and
white diffuse reflector do not degrade after exposure to out-
door conditions after 18 months. On the other hand, stan-
dard modules presented lower ISC and Pmpp, of around
3.2% and 2.2% lower, respectively. The 1.5% reduction in
maximum power per year is higher than that reported in



Table 2
Comparison of electrical characteristics measured after PV module manufacturing, after exposure to outdoor conditions by 18 months before and after
cleaning the modules. D1 is the difference between initial electrical parameters and after outdoor exposure and D2 is the difference between initial value and
after cleaning the glass sheet.

ModBifa 01 ModBifa 02

After fabrication After exposure D1 (%) Cleaned D2 (%) After fabrication After exposure D1 (%) Cleaned D2 (%)

VOC (V) 21.8 21.4 �1.8 21.5 �1.4 21.7 21.6 �0.5 21.7 0
ISC (A) 2.52 2.36 �6.4 2.53 +1.1 2.51 2.41 �4.0 2.58 +2.8
FF 0.739 0.769 +4.0 0.748 +1.2 0.733 0.758 +3.4 0.736 +0.4
Pmpp (W) 40.6 38.9 �4.2 40.8 +0.5 39.9 39.5 �1.0 41.1 +3.0
g (%) 7.59 7.28 �4.1 7.63 +0.5 7.46 7.38 �1.1 7.68 +2.9

Standard module 111 Standard module 129

VOC (V) 20.6 20.9 +1.5 20.6 0 21.0 20.9 �0.5 20.9 �0.5
ISC (A) 2.10 1.99 �5.2 2.03 �3.3 2.16 1.99 �7.9 2.09 �3.2
FF 0.767 0.791 +3.1 0.778 +1.4 0.766 0.790 +3.1 0.778 +1.6
Pmpp (W) 33.3 32.9 �1.2 32.6 �2.1 34.7 32.9 �5.2 34.0 �2.0
g (%) 11.9 11.8 �0.8 11.7 �1.7 12.4 11.8 �4.8 12.2 �1.6
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other works that deals with the degradation of crystalline
silicon modules (Sánchez-Friera et al., 2011; Jordan and
Kurtz, 2013; Munoz et al., 2011), when 0.5–1.1% was
observed. However, Munoz et al. (2011) commented that
the maximum power of crystalline silicon PV modules
can be reduced from 1% to 4% during the initial days of
operation due to initial power stabilization. It is worth to
comment that bifacial cells were produced with n-type
PV-FZ silicon and monofacial ones with p-type (boron
doped) solar grade Cz–silicon. The former does not have
any physical mechanism for light-induced degradation
whereas Cz can present degradation (Saitoh et al., 1999).
4.3. Comparison of the bifacial and monofacial solar cell

temperatures

Operation temperature of bifacial cells was estimated by
using an infrared camera FLIR model I60. Fig. 7 presents
the infrared image obtained with a cloudless sky in a spring
day. During the data acquisition, ambient temperature was
Fig. 7. Thermographic image of modules obtained in a cloudless day in
spring.
of 28 �C and irradiance in the plane of the modules was
700 W/m2. Temperature of bifacial cells in the modules
was 9 �C higher than that in standard modules. During
the 18 months, infrared images obtained in cloudless days
indicated that the temperature of bifacial cells was from
5 �C to 9 �C higher than the temperature of the cells in
standard modules. This result was produced due to the
higher irradiation on bifacial solar cells and because heat
transfer in the rear face of the cells was due to the convec-
tion in a closed space formed by glass, aluminum frames
and reflector.

5. Application to the stand-alone systems

Two stand-alone systems were implemented: one with
two ModBifa modules in parallel, that we called BIFA-
CIAL system and another with two standard modules with
n+pp+ monofacial cells, called STANDARD, connected
also in parallel. Power of the BIFACIAL and STAN-
DARD system was of 80.5 Wp and 68.1 Wp, respectively.
BIFACIAL system was designed to achieve a loss of load
probability near 1 � 10�2 in Porto Alegre, Brazil, taking
into account the work developed by Zanesco et al. (2004)
that deals with the sizing of PV stand-alone systems in Bra-
zil. Both systems had two lead-acid batteries designed for
PV, totalizing a capacity of 300 Ah, one charge regulator,
four fluorescent lamps of 20 W and one small inverter
per lamp. The normalized PV generator size � normalized
storage capacity (pair CA � CS) was 1.21 � 7 for BIFA-
CIAL system and 1.09 � 7 for STANDARD one. Lamps
operated every day after 7 pm, resulting a load demand
of 0.3 kW h/day (1.08 � 106 J/day).

In order to characterize the systems, a data acquisition
system was installed based on Agilent 34970 and 34901A
equipments. The following parameters were measured each
10 min: (1) PV array voltage; (2) PV array current by mea-
suring the voltage in a shunt (1 mO ± 1%); (3) electric cur-
rent in the charge (also by using a shunt); (4) battery
voltage; (5) total irradiance.



Fig. 8. Monthly electric energy produced and stored by PV stand-alone
systems.

Fig. 9. Monthly performance ratio of both stand-alone systems.
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Figs. 8 and 9 present the monthly electrical energy pro-
duced and the monthly performance ratio (PR) of both sys-
tems. The PR is the ratio of the final PV system yield to the
so-called reference yield (Reich et al., 2012). In other
words, the ratio between the actual energy output to the
energy output that considered the solar radiation on the
plane of the module and the efficiency at standard condi-
tions. To calculate the latter, an efficiency of 7.5% under
standard conditions and an area of 1.073 m2 were consid-
ered for BIFACIAL system. For STANDARD system,
the efficiency was of 12.1% and the area was of 0.563 m2.
Monofacial and bifacial cells presented similar efficiencies
and the difference in module efficiency was due to the
higher area of ModBifa modules than standard ones.

Higher operating temperature than that used in stan-
dard conditions, optical losses due to the glass reflection
or dust deposition, conduction losses in wiring and charge
regulator, inverter efficiency, etc. are currently factors that
reduces the PR. The average PR for both systems installed
was of 79%, a typical value of grid connected systems
(Reich et al., 2012) and higher than the value of 60% men-
tioned as good for well-installed stand-alone systems (Dı́az
et al., 2007; Mayer and Heidenreich, 2003). Both systems
presented PR near 80% in 15 months as shown in Fig. 9.
Lower values of PR, of around 52–54%, were observed in
three months, when the systems presented fails due to
charge regulator and inverters. For instance, in June 11,
stand-alone system with bifacial modules presented a fail
in the charge regulator and electric energy was not storaged
in the batteries during several days, reducing the monthly
electric energy and PR.

6. Conclusions

Two PV modules were fabricated by using p+nn+ bifa-
cial solar cells and a white-painted aluminum sheet with
reflectance of 90%. By keeping a space of one-cell length
between each cell string, we observed that the aluminum
back reflector enhanced the output power of the modules
of around 29%.

Modules fabricated were exposed to solar irradiation in
Porto Alegre, Brazil, by 18 months in a surface tilted of
48�. We observed that dust reduced the power of the mod-
ules in the range of 1–4%. These results were similar to that
encountered in the standard modules and that published by
other authors for modules installed at several sites around
the world. After cleaning the modules, we observed that
modules with bifacial n-type solar cells did not present
any performance degradation.

The operating temperature of the bifacial cells was only
5–9 �C higher than that of standard modules.

The same average performance ratio of 0.79 was calcu-
lated for systems with modules based on bifacial cells and
monofacial cells. The system operation was similar for
both kinds of modules analyzed.

Concerning the assembly of the PV modules with bifa-
cial p+nn+ cells and white reflector, we concluded that
the same technique used to fabricate standard modules
can be applied. The use of larger area glass, higher amount
of aluminum (frame and reflector sheet) and silicone seal-
ing than those used in the standard modules besides the
use of white paint enhance the fabrication cost of the mod-
ules. However, the cost estimation will depend on the cost
and the efficiency of bifacial cells produced in large scale.
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