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ABSTRACT 

Comparative outdoor measurements of bifacial and mono-
facial modules were undertaken. Modules were installed in 
fixed positions. First, south oriented at 30

o
 to the horizon – 

stand-alone and in a solar field system. The second 
vertically at different azimuth orientations. To separate the 
effects which are not connected with the rear photo 
response but can cause differences in energy generation 
gain, additional measurements were undertaken: 
efficiency dependence on irradiance, angular dependence 
of module short circuit current, and temperature coefficient 
of power.  The energy gain for a stand-alone south 
oriented at 30

o
 module  exceeds 20 % at underlying 

surface albedo ~50 %. It  is ~5  %  higher than for the 
same module in a solar field where the rear contribution is 
affected by roof shadowing due to neighboring modules. 
Vertical bifacial modules with different azimuth orientation 
always generate significantly more energy than mono-
facial modules with the same orientation.  

INTRODUCTION 

Bifacial modules can be used to increase energy 
generation of different types of PV installations: solar field, 
flat roof mounted, acoustic barrier, stand-alone panel, 
architectural elements etc.  Simulation methods for 
evaluation of energy produced by such systems are 
proposed [1 - 3], however, agreement of the experimental 
with the calculated data is fair rather than good [3]. 
Therefore, collecting empirical data on the superiority of 
bifacial modules for energy generation in an environment 
equivalent to the actual application is useful. As part of the 
empirical analysis of the advantage of bifacial modules, 
detailed outdoor measurements of the factors affecting the 
back contribution in energy generation of bifacial module 
can be found in ref. [4].  

In addition to the regular PV modules installed in different 
types of solar fields, some other installation configurations 
are of special interest.  One of them is a stand-alone PV 
power supply of a small autonomous consumer. The 
stand-alone modules are typically mounted in an "optimal" 

fixed position: south oriented at an inclination to the 
horizon ~equal to the altitude of the given geographical 
site. The second type of installation is that of          
vertically installed modules at different azimuthal              
orientations [5 – 7]. Such PV systems can be part of an 
architectural design, for example fence integrated barriers, 
acoustic barriers, etc.  

Discussing the comparative data of energy production by 
mono- and bifacial modules, attention should be paid to 
the exclusion of the effects which are not connected with 
the rear photo response but can also cause differences in 
measured energy generation. Indeed, outdoor 
measurements undertaken by Photon Lab. demonstrate 
that the actual annual energy generated by regular mono 
facial modules per nominal power determined at standard 
conditions (1000 W/m

2 
solar irradiance with AM 1.5 

spectrum,  25 
o
C) can vary by more than 10 % [8]. It can 

be assumed that among factors affecting the energy 
generation are efficiency dependence on irradiance, 
angular dependence of module short circuit current, and 
temperature coefficient of power.   

This paper summarizes the comparative energy 
generation data for bifacial and regular mono facial 
modules representing two installation types: the stand-
alone modules mounted in "optimal" fixed position and 
vertically installed modules at different azimuthal 
orientation. The data were collected during outdoor 
monitoring of module I-V characteristics. To extract the 
factors not connected with bifacial design but could affect 
the comparative energy generation data, such parameters 
as temperature, angular and irradiance dependences of 
electrical parameters characterizing front only of tested 
modules (both mono- and bifacial) were determined.  
 

EXPERIMENTAL 

The outdoor measurements were performed in Jerusalem 

(31
o
:47

'
 north altitude) with the panels mounted on a flat 

roof. Bifacial modules of 1.63 x 0.87 m made of  72 bifacial  

single crystalline n
+
-p-p

+
 Si solar cells were tested. The 

cells were laminated between a front tempered glass and 



a transparent plastic back. Front and back parameters at 

standard conditions were determined as described in [4].

Such determination was undertaken every 3 months.

efficiency of the bifacial module is  71 % of the front at 

standard conditions. Regular mono-facial modules of ~the 

same nominal power made of single crystal Si solar cells 

were used for comparative measurements. I

characteristics of each module were measured every 3 

min by I-V tracer PVE Photovoltaik Engineering Company 

(Germany), Model PVPM -2540C, and saved in memory. 

For evaluation of the energy gain of the bifacial module, 

the measured module power was normaliz

Pmax of the given module.  

One series of comparative measurements of bifacial and 
mono facial modules were made when modules of both 
types were mounted at the same fixed vertical position 
with different orientation of the front: south, west, 
southwest and southeast.  Elevation of the module lower 
edge was 70 cm. 

The second series of comparative measurements of 
bifacial and mono facial modules were made when 
modules of both types were oriented at a fixed position 
south at 30

o
 to the horizon with the same

cm. 

The parallel monitoring of two bifacial modules: stand
alone and mounted inside a "field" of several rows
modules was also  part of the experimental evaluations of 
factors affecting the gain due to light received by the re
of the bifacial modules.  

Pyranometers  with 16 mm diameter silicon detectors were 
used for simultaneous determination of global and diffused 
irradiances in the horizontal plane. Calibrated reference Si 
solar cells were used at the same time for front a
module irradiance measurements.  

Module temperature was determined using thermocouples 
glued to the front and back of the modules as well as 
based on V oc.  

Angular dependences of I-V parameters were measured 
by exposing the module at a given angle
direction to the sun and the module normal. The direct and 
scattered light contributions in the module plane were 
determined. 

Irradiance dependences of I-V parameters were measured 
using white semitransparent nylon cloths for light 
attenuation. The rear of the bifacial module was covered 
by a black cloth during each measurement.

RESULTS 

The results indicate that both bifacial and mono
modules under front illumination are characterized by ~ 
equal power temperature coefficients

a transparent plastic back. Front and back parameters at 

standard conditions were determined as described in [4]. 
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For evaluation of the energy gain of the bifacial module, 

he measured module power was normalized by nominal 

One series of comparative measurements of bifacial and 
mono facial modules were made when modules of both 
types were mounted at the same fixed vertical position 
with different orientation of the front: south, west, 
southwest and southeast.  Elevation of the module lower 

The second series of comparative measurements of 
bifacial and mono facial modules were made when 
modules of both types were oriented at a fixed position 

the same elevation of 70 

The parallel monitoring of two bifacial modules: stand-
"field" of several rows of 

was also  part of the experimental evaluations of 
factors affecting the gain due to light received by the rear 

Pyranometers  with 16 mm diameter silicon detectors were 
used for simultaneous determination of global and diffused 
irradiances in the horizontal plane. Calibrated reference Si 
solar cells were used at the same time for front and back 

Module temperature was determined using thermocouples 
glued to the front and back of the modules as well as 

V parameters were measured 
by exposing the module at a given angle between the 
direction to the sun and the module normal. The direct and 
scattered light contributions in the module plane were 

V parameters were measured 
nylon cloths for light 

bifacial module was covered 
black cloth during each measurement. 

The results indicate that both bifacial and mono-facial 
modules under front illumination are characterized by ~ 
equal power temperature coefficients. Angular 

dependences of short circuit current
modules, and follow approximately a cos function.

 No visible difference in module behavior was observed at 
decreased irradiances. As can be seen from Fig. 1, power 
vs irradiance dependences for m
are described by ~the same empirical equations. 
Therefore no correction of energy gain
determine the exact contribution of the back of the bifacial 
module.

a) 

b) 

Figure 1 Power as a function of irradiance for 
facial (a) and bifacial (b) modules.

The results of monitoring mono
modules during a complete day 
presented in Fig. 2. One of the bifacial modules is a stand
alone and the second is mounte
the modules are in the fixed "optimal" position (south 
oriented at 30

o
 to the horizon). The albedo of the roof 

surface is ~ 50 %. The generated energy is 
absolute units (W) since the difference in the frontal STC 
power of the modules does not exceed 1 %
power gains due to the contribution of the back of the 
bifacial modules related to exact
power at standard conditions are
The obvious superiority of bifacial modules 
mono-facial can be seen. The energy gain of a bifacial 
module when in the stand-alone position

dependences of short circuit current are identical for both 
approximately a cos function. 

visible difference in module behavior was observed at 
. As can be seen from Fig. 1, power 

vs irradiance dependences for mono- and bifacial modules 
are described by ~the same empirical equations.  

of energy gain was required to 
determine the exact contribution of the back of the bifacial 

 

 

 

 

Figure 1 Power as a function of irradiance for mono-
facial (a) and bifacial (b) modules. 

of monitoring mono-facial and two bifacial 
modules during a complete day (May 11 of 2011) are 
presented in Fig. 2. One of the bifacial modules is a stand-
alone and the second is mounted inside a solar field. All 

modules are in the fixed "optimal" position (south 
to the horizon). The albedo of the roof 
%. The generated energy is shown in  

absolute units (W) since the difference in the frontal STC 
oes not exceed 1 %. The ongoing 

due to the contribution of the back of the 
exact nominal front module 
are also shown in the Figure. 

The obvious superiority of bifacial modules to the regular 
facial can be seen. The energy gain of a bifacial 

alone position is significantly 



higher than that of a bifacial module in the solar field. 
sun movement dramatically affects the power gain of the 
bifacial modules. High gain in the morning and evening 
hours can be seen. The sun rays hitting the back surface 
of the module sometimes contribute to this gain (in the 
time frame between the spring and the autumn 
equinoxes). Despite a moderate gain during the middle of 
the day (~10 % for a module in the field and ~15%
stand-alone), the effects of tilted sun rays lead to an 
increase of daily integrated energy by 
respectively. The energy gain for the stand
is ~5%  higher than for the same module i
under the same conditions.  

Figure 2  Monitoring of daytime energy generation by 
regular and bifacial modules.  

The effect of using a bifacial module instead of a mono
facial module for different installation  configurations, i.e.
vertically mounted modules, is demonstrated by
Calendar time dependent daily energy gain of 
oriented stand-alone bifacial panel versus mono
the same orientation is shown in Fig. 3. The analogous 
dependence of daily energy gain for South 
orientation can be seen in Fig 4. Due to the site 
topography causing shading of the sun in the evening, 
when it is below ~20

o
 above horizon, contribution of the 

back of a bifacial module is decreased in the afternoon. 
Nevertheless, it always generates significantly more 
energy than a mono-facial module with the same 
orientation.   

Figure 3 Daily energy gain of vertically  East 
installed bifacial vs. mono-facial modules. 
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Figure 2  Monitoring of daytime energy generation by 

The effect of using a bifacial module instead of a mono-
different installation  configurations, i.e. 

demonstrated by Figs. 3 -5. 
Calendar time dependent daily energy gain of East-West 

bifacial panel versus mono-facial of 
the same orientation is shown in Fig. 3. The analogous 
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. Due to the site 

topography causing shading of the sun in the evening, 
above horizon, contribution of the 
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Figure 3 Daily energy gain of vertically  East -West 
facial modules.  

Some data on energy gain for vertical bifacial mod

the intermediate position, i.e. Southeast 

presented in Fig. 5. Again, the daily energy gain of a 

bifacial compared to a mono

significant.                   

Figure 4 Daily energy gain of vertically South 
installed bifacial vs. mono-facial modules.

Figure 5 Daily energy gain of vertically Southeast 
Northwest installed bifacial vs. mono

DISCUSSION

All the above results on energy gain are due to the 
contribution of the back of the bifacial module. No effects 
of other design parameters were observed. This is based 
on the measured data of temperature, angular and 
irradiance dependences of electrical pa
tested modules (both mono- and bifacial).
The measurements demonstrate that the back of the 
bifacial module provides a significant contribution in 
energy generation at every module orientation. Of course, 
this contribution depends on diff
module disposition, surroundings, season and time
day.  
The  highest energy gain was measured for a bifacial 
stand-alone module at a fixed position with optimal 
orientation. It generates more energy than the same 
module inside a solar field. The variation of energy gain for 
bifacial modules in both kinds of installations during the full 
day`s illustrated in Fig. 2. Whereas the power gain in the 
middle of a sunny day is determined by the roof back 

Some data on energy gain for vertical bifacial modules in 

the intermediate position, i.e. Southeast – Northwest, are 

presented in Fig. 5. Again, the daily energy gain of a 

bifacial compared to a mono-facial module is quite 

 

Figure 4 Daily energy gain of vertically South - North 
facial modules. 

 

Figure 5 Daily energy gain of vertically Southeast - 
Northwest installed bifacial vs. mono-facial modules. 

DISCUSSION 

All the above results on energy gain are due to the 
contribution of the back of the bifacial module. No effects 
of other design parameters were observed. This is based 

temperature, angular and 
of electrical parameters for the 
and bifacial).  

The measurements demonstrate that the back of the 
bifacial module provides a significant contribution in 
energy generation at every module orientation. Of course, 
this contribution depends on different factors such as 
module disposition, surroundings, season and time of the 

The  highest energy gain was measured for a bifacial 
alone module at a fixed position with optimal 

orientation. It generates more energy than the same 
a solar field. The variation of energy gain for 

bifacial modules in both kinds of installations during the full 
day`s illustrated in Fig. 2. Whereas the power gain in the 
middle of a sunny day is determined by the roof back  



reflection of direct light, in the morning and in the evening 
an increased contribution of diffused light
noon the power gain is just 6 – 12 %, but in the morning 
and evening it can exceed 100 % (due to direct sun rays 
hitting the module back). 
The monitored comparative data of daily
relative to a mono-facial module for in
alone bifacial modules demonstrates a significantly higher 
energy generation when the bifacial module is not affected 
by roof shadowing due to neighboring modules.
demonstrates the daily energy gains for in
alone bifacial modules.  For the in-field modules the effect 
of shadowing is smaller in the summer, and that explains 
the increase of energy gain from winter to summer. For 
stand-alone module this effect is less pronounced. 
shown in Fig. 6, the  typical energy gain for a stand
module is ~ 20 % and can exceed 40 %.
mention that the albedo value in all discussed experiments 
is moderate (~0.50). The relative gain is higher when 
contribution of scattered radiation is high (see also [4])
This is correct for every type of installation and module 
orientation. 

Figure 6  Daily power generation gain for in
stand-alone bifacial modules compar
mono-facial modules. 

Discussing the data of vertically installed bifacial modules, 
it should be taken into consideration tha
installation can be dictated by reasons other than energy 
generation. Systems such as fence barriers, acoustic 
barriers, architectural fragments can have quite an 
arbitrary orientation. This explains the interest in energy 
generation of bifacial modules at different azimuth. 

According to monitoring results, the vertically oriented 
bifacial module also generates significantly more energy 
than a mono-facial module with the same orientation (see 
Figs. 3 - 5). A gain of more than 25 % and up to 63 % i
achievable. The diffused to global radiation ratio is an 
important factor affecting the energy gain: the highest 
energy gains are measured when scattered radiation 
dominates.  Comparing the energy generated by vertically 
mounted bifacial  modules  with the  energy generated at  

the morning and in the evening  
an increased contribution of diffused light  dominates. At 

%, but in the morning 
(due to direct sun rays 

data of daily energy gain 
facial module for in-field and stand-

a significantly higher 
energy generation when the bifacial module is not affected 
by roof shadowing due to neighboring modules. Fig. 6 

onstrates the daily energy gains for in-field and stand-
modules the effect 

of shadowing is smaller in the summer, and that explains 
the increase of energy gain from winter to summer. For 

ect is less pronounced. As 
energy gain for a stand-alone 

%. It is important to 
mention that the albedo value in all discussed experiments 

The relative gain is higher when 
high (see also [4]). 

This is correct for every type of installation and module 

 

Figure 6  Daily power generation gain for in-field and 
alone bifacial modules compared to                                                                                                                        

Discussing the data of vertically installed bifacial modules, 
it should be taken into consideration that module 
installation can be dictated by reasons other than energy 
generation. Systems such as fence barriers, acoustic 
barriers, architectural fragments can have quite an 
arbitrary orientation. This explains the interest in energy 

odules at different azimuth.  

he vertically oriented 
bifacial module also generates significantly more energy 

facial module with the same orientation (see 
). A gain of more than 25 % and up to 63 % is 
The diffused to global radiation ratio is an 

important factor affecting the energy gain: the highest 
energy gains are measured when scattered radiation 
dominates.  Comparing the energy generated by vertically 

energy generated at                 

the same time by mono- facial modules  in optimal south 
oriented position, it can be concluded that vertical bifacial 
modules produce 0.9 to 1.05 of mono
generation. This range is valid for all the test
orientations of vertical modules. The result is in good 
qualitative correlation with the modeling results of ref. [6].

An advantage of bifacial modules for  energy production 
can be characterized using the term "equivalent 
efficiency". The average energy gain achieved during 
module monitoring could be used for the evaluation of 
equivalent solar cell (or module) efficiency which 
characterizes  what  efficiency a mono
should have to generate the same energy. As an example, 
the stand-alone bifacial module with the resulting gain ~20 
% monitored during the February 
means that bifacial cell with front efficiency of 17 % has an 
equivalent efficiency ~ 20.4%. Equivalent efficiency of the 
19 % bifacial cell can be evaluated for these working 
conditions as ~ 22.8 %. It should be remembered that 
"equivalent efficiency" is a combination of front cell 
efficiency and back contribution under the given working 
conditions. The above results demonstrate significant 
generation improvement provided by bifacial modules in 
all test conditions. In other words the "equivalent 
efficiency" of tested bifacial solar cells exceeds 20 %.

CONCLUSIONS

Use of bifacial modules is an effective way of increasing 
energy production of PV powe
demonstrated during outdoor tests of
representing two types of systems.
oriented modules at 30

o
 to the horizon 

in a solar field system. The second
azimuth orientations. 

The energy gain determined comparing a mono
module for the stand-alone module is ~
the same module in a  solar field under the same 
conditions. Significantly higher energy generation 
stand-alone module is due to it 
in-field module, by roof shadowing 
modules.  

The vertically oriented bifacial module also generates 
significantly more energy than a mono
the same orientation. A gain of more than 25 % and up to 
63 % is achievable. Vertical bifacial modules with the 
tested azimuth orientations produce 0.9 to 1.05 of the 
energy generated by mono-facial modules optimally south 
oriented.  

ACKNOWLEDGMENT

 We are grateful to our colleague Mr. J. Broder for help

preparation of the paper.  

  

ed to                                                                                                                               

facial modules  in optimal south 
oriented position, it can be concluded that vertical bifacial 
modules produce 0.9 to 1.05 of mono-facial energy 
generation. This range is valid for all the tested azimuth 
orientations of vertical modules. The result is in good 
qualitative correlation with the modeling results of ref. [6]. 

An advantage of bifacial modules for  energy production 
can be characterized using the term "equivalent 

ge energy gain achieved during 
module monitoring could be used for the evaluation of 
equivalent solar cell (or module) efficiency which 
characterizes  what  efficiency a mono-facial cell (module) 
should have to generate the same energy. As an example, 

alone bifacial module with the resulting gain ~20 
% monitored during the February – May period in Fig. 6 
means that bifacial cell with front efficiency of 17 % has an 
equivalent efficiency ~ 20.4%. Equivalent efficiency of the 

be evaluated for these working 
conditions as ~ 22.8 %. It should be remembered that 
"equivalent efficiency" is a combination of front cell 
efficiency and back contribution under the given working 
conditions. The above results demonstrate significant 

tion improvement provided by bifacial modules in 
all test conditions. In other words the "equivalent 
efficiency" of tested bifacial solar cells exceeds 20 %. 

CONCLUSIONS 

Use of bifacial modules is an effective way of increasing 
energy production of PV power system. It  was 
demonstrated during outdoor tests of modules 
representing two types of systems. First type -  south 

to the horizon – stand-alone and 
in a solar field system. The second - vertically at different 

determined comparing a mono-facial 
alone module is ~5%  higher than for 

the same module in a  solar field under the same 
ignificantly higher energy generation of a 

alone module is due to it  not being affected, as an 
by roof shadowing caused by neighboring 

he vertically oriented bifacial module also generates 
significantly more energy than a mono-facial module with 

A gain of more than 25 % and up to 
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tested azimuth orientations produce 0.9 to 1.05 of the 
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