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A B S T R A C T   

The growth of bifacial systems in different photovoltaic (PV) applications is driving new requirements in 
measuring the effective irradiance for bifacial PV. Non-uniformity of rear irradiance may have a significant 
impact on the proper characterization of the system. It also has implications on modeling rear irradiance and 
consequently on performance prediction. In this work, we present a simple way of constructing an irradiance 
sensor from a commercial bifacial module and the application to performance and rear-side irradiance variability 
of a small rooftop bifacial PV system is analyzed. In addition, assessment of some commonly used models based 
on the view-factor approach is performed using as reference the front and rear irradiance simultaneous mea
surements from the bifacial reference module. The use of bifacial reference modules implies some benefits over 
arranging calibrated cells for determining rear irradiance, due to their higher field-of-view and representative
ness of the response of the system to be monitored. This work also illustrates the high variability of rear irra
diance in small systems and the impact of the edge effect. The results here can contribute to a better knowledge 
of the use of these reference modules as effective irradiance sensors for very bifacial PV configurations.   

1. Introduction 

Solar photovoltaic (PV) technologies are growing fast in parallel to 
the impulse towards the reduction of carbon emissions in the energy 
worldwide context. Therefore, PV power deployment is increasing 
continuously in different configurations, and some new applications 
such as rooftop PV or utility-scale floating PV are remarkable in growth 
now [1]. Additionally, rooftop solar PV is gaining popularity and very 
different features and technologies are nowadays available to the user 
[2]. 

Among PV technologies, bifacial PV is gaining importance very 
quickly and many new applications based on bifacial systems are being 
recently proposed. It is suitable for fixed-tilt as well as tracking systems, 
either in utility-scale, flat roof-top, or integrated installations [3]. A 
good review of the origins, evolution and testing of bifacial modules can 
be found in recent literature [4]. Bifacial solar cells increase the power 
by collecting the light at the rear side, while reducing the area-related 
costs of PV systems [5]. This feature and the small difference in price 
with monofacial modules can contribute to minimizing significantly the 
levelized cost of energy (LCOE) in many applications [6,7]. In fact, PER 
and nPERT concepts as low-cost Silicon wafers contributed to the 

expansion of bifacial modules and they are still developing ways to in
crease the efficiency [3]. Moreover, bifacial PV with single-axis tracking 
has advantages in improving the temperature sensitivity and gaining 
energy output [8]. The use of bifacial PV modules in agrivoltaic projects 
also offers interesting advantages due to the increasing elevations and 
row spacing [9,10]. Another popular application of bifacial modules is 
the use of PV modules in carports or canopies [11]. Consequently, 
bifacial uses and applications are expected to grow notably in the 
coming years [12]. 

Bifacial PV modules under real operation can be characterized by the 
bifacial irradiance factor (BIF), a dimensionless parameter that is used to 
calculate the effective irradiance reaching the bifacial module, consid
ering the front and rear sides together. The bifacial irradiance factor 
depends on the in-plane rear side albedo ρi and the maximum power 
bifaciality coefficient φPmax, defined as the ratio between rear side and 
front side I–V characteristic [13]. 

φPmax =
Pmax,r

Pmax,f
(1)  

BIF =(1+φPmaxρi), (2) 
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The efficiency of solar bifacial PV depends on both environmental 
and design conditions, such as tilt angle, module height and albedo. For 
instance, albedo ranges around 0.5 can result in an average bifacial gain 
of 20 %, while grass surfaces have about 5 % of bifacial gain [14]. 
Therefore, power rating of bifacial systems is challenging because the 
heterogeneity of the ground usually produces complex and changing 
shadow patterns. Different testing methods have been proposed for in
door and outdoor conditions [15–17]. The complexity associated with 
the characterization of the albedo also contributes to the difficulties in 
modelling bifacial systems [18]. In addition, the rear-side spectral 
irradiance is affected by the spectral ground albedo so its application to 
the power rating of bifacial PV is also a topic under study [19,20]. For 
instance, it has been theoretically estimated that the mismatch of 
spectral response albedo relative to a bifacial crystalline silicon PV 
module is around ±3.7 % for a crystalline silicon PV reference cell [19]. 
In fact, the solar rear irradiance is usually far less uniform than that 
incoming to the front side, leading thus to mismatch losses [21]. 
No-uniformity rear irradiance depends on sky conditions and other 
factors such as the ground material and the number and position of rear 
irradiance sensors influence the accuracy of the results [22]. The use of 
many reference cells to measure rear surface irradiance has been pro
posed for better and more accurate knowledge of the rear irradiance 
variability [23]. However, reference modules can be used as solar irra
diance sensors with some advantages over reference cells [24–29], even 
for bifacial applications [30]. Monofacial PV module rear oriented has 
even been proposed as an alternative method for measuring rear irra
diance [31]. Experimental comparisons between calibrated reference 
modules and measurements from small-area sensors (i.e., photodiodes, 
pyranometers and reference cells) have proven the benefits of the former 
[32]. In addition, some other methods have proposed the determination 
of rear irradiance from the operating current of a bifacial module; 
however, they are limited by the dependence on the inverter’s maximum 
power tracking [33]. Moreover, the International Electrotechnical 
Commission also recognizes the difficulties in characterizing the 
rear-side solar irradiance and proposes two options including the pos
sibility of using bifacial reference devices [13]. Therefore, as a result of 
the literature review, there seems to be still needs for further studies on 
proper determination of rear irradiance variability and non-uniformity 
before the establishment of standards [34]. 

In this work we propose a simple method for converting commercial 
bifacial modules into solar irradiance sensors able to measure front and 
rear irradiance at the same time for proper rating of bifacial PV systems. 
Therefore, we analyze the use of these bifacial reference modules as 
sensor for measuring at the same time the front and rear irradiance in the 
characterization and modeling of eight bifacial modules on a rooftop. 
Two different bifacial reference modules were prepared (TRINA and LG) 
by dividing the module output into three different electrical signals 
taken from the junction boxes and installing a shunt resistance to make 
them work in short-circuit. A multiple layer made of black and white 
vinyl sheets is used to block the irradiance conveniently at the stripes 
and allow thus to measure simultaneously front and rear irradiance. 
Bifacial reference modules have a larger field of view compared to the 
reference cells and can offer some advantages as solar irradiance sensors 
for bifacial applications such as having the same spectral response as the 
modules under test. The main objective in this work is therefore to 
analyze the applications of bifacial reference modules as irradiance 
sensor (measuring simultaneously front and rear irradiance) in order to 
add further contributions and experience to the problem of non- 
uniformity of rear irradiance in bifacial modules characterization. In 
particular, we are testing the following features:  

• The comparison with the use of several and different calibrated 
reference cells on the rear side.  

• The position of the bifacial reference module in small PV systems to 
evaluate the impact of edge effects.  

• The use of bifacial reference modules in the assessment of bifacial 
irradiance models based on 2D view factor approach. 

The results of this study led to gaining some additional experience 
and useful knowledge in extending the use of bifacial reference modules 
to different bifacial PV configurations that might contribute to stan
dardizing the procedures and methods for measuring rear solar irradi
ance in bifacial PV systems. A simple and effective method for building a 
sensor of front and rear irradiance with wide field of view from a 
commercial bifacial module is presented and used in this work, for both 
evaluating the modeling of output power of bifacial modules and for 
assessing modeling the rear irradiance. The evaluation of several well- 
known models for computing rear-side irradiance is performed, thus 
using the bifacial reference module, showing the different sensitivity 
and uncertainty of models based on view factor. 

2. Experimental facility and bifacial module characterization 

Fig. 1 shows the experimental facility used in this work. Eight bifa
cial modules (four manufactured by LG and four by TRINA) are located 
on a flat rooftop with a tilt angle of 19◦ and south-oriented in azimuth. 
The facility is placed at Ciemat headquarters in Madrid (Spain). The 
geographic coordinates of the facility are 40.45◦ N for latitude, and 
− 3.72◦ E for longitude. I–V curves of each module are monitored by 
using a multiplexor system that allows the sequential monitoring of the 
I–V curve of each module with one single tracer. The measurement 
campaign lasted from November 2022 till May 2023. Many calibrated 
cells are distributed along the testbench for measuring front and rear 
solar irradiance: eight reference cells for rear irradiance and five for 
front irradiance. In addition, two reference bifacial modules (LG and 
TRINA) are placed on the left side of the middle row to also measure 
front and rear irradiance simultaneously. 

Modules M0 to M7 have been previously measured and characterized 
according to IEC 60904 for determining the I–V parameters at standard 
test conditions (STC) using a large-area flash multi-pulsed solar simu
lator (10 ms of pulse time) and class AAA [35]. Table 1 summarizes some 
of the main parameters. The bifacial rear irradiance power gain (BiFi) is 
the slope of the Pmax versus rear irradiance (Gr) linear fit, and is based on 
the assumption that the performance of the module at front STC and at 
any level of rear irradiance can be calculated by interpolation [21]. 

The calibrated reference bifacial modules (LG and TRINA) result 
from the transformation of commercial bifacial modules into irradiance 
sensors. The transformation process consists of the substitution of each 
of the three bypass diodes by corresponding shunt resistances to allow 
the measurement of the short-circuit current of each stripe in the mod
ule. The short-circuit current is calibrated outdoors to convert the 
electric signal into solar irradiance measurement. In order to allow the 
reference module to measure front, rear and total irradiance, layers of 
opaque vinyl conveniently block the solar cells at each stripe. The cen
tral stripe was selected to measure the rear irradiance in order to 
minimize potential edge effects, and thus the front side of the central 
stripe was blocked with vinyl. Fig. 2 illustrates, with schemes and pic
tures, the process of bifacial reference module configured as a solar 
irradiance detector. Fig. 2 c) shows the shunt resistances in the junction 
box and Fig. 2 d) shows the reference modules mounted on the outdoor 
calibration bank. The calibration procedure consists of comparing front 
and rear sides, sequentially, to an irradiance reference for determining 
first the calibration constant of the front side, and afterwards repeating 
the procedure for the calibration constant of the rear side. The third 
stripe, which is not blocked on either side, remains not calibrated and 
measures the total short-circuit current of the stripe, generated at both 
sides. The calibration constants for the front and rear sides of the cali
brated reference modules are listed in Table 2. It should be noted that 
the ratio of the measured calibration constants are, as expected, very 
consistent with the maximum power bifacial coefficient presented in 
Table 1. The two bifacial reference modules are placed together (see 
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Fig. 1) to study the impact of the edge effect on the rear irradiance 
measured. In addition, the different back cover of LG and TRINA mod
ules might influence in the different sensitivity of rear side calibration 
constant. In fact, while TRINA uses glass LG have a transparent back
sheet of polymeric material. These different materials in the backside 
might result in slightly different thermal and optical behavior that affect 
the sensitivity of the rear-side cells. 

3. Variability of rear irradiance 

Non-homogenous rear irradiance can occur easily in many bifacial 

applications due to the different sky view factor, non-uniform albedo, 
complex shadow patterns and edge effects that might occur on the rear 
side [21,23,30,36]. In the case of the experimental facility under this 
work the comparison of the different sensors in the middle row (Fig. 1) 
can illustrate the degree of variability in rear irradiance and the edge 
effect. Fig. 3 shows the box plot of the hourly mean rear irradiance 
measured by three calibrated cells (upper left, bottom left and middle 
right in Fig. 1) and by the reference modules (LG and TRINA). The edge 
effect is clearly observed in upper and bottom reference cells; since they 
are placed on the west-side of the facility the boxplot irradiance shows a 
skewness towards the afternoon. The middle reference cell, placed be
tween LG and TRINA reference modules, is much less sensible to edge 
effects. The edge effect can also be noticed in the LG reference module, 
which is placed on the left side; thus, the boxplot of the rear irradiance 
exhibits some skewness towards the afternoon. Similar situations were 
observed with the measurements of the sensors placed on the right side 

Fig. 1. Scheme and picture of the experimental facility (light blue LG and TRINA refer to calibrated reference modules).  

Table 1 
Parameters of bifacial PV modules at STC.  

Module Type Pmax (W) BiFi φPmax 

M0 TRINA 439 0.2747 0.63 
M1 LG 434 0.3288 0.77 
M2 LG 433 0.3326 0.77 
M3 TRINA 439 0.2717 0.62 
M4 TRINA 433 0.2749 0.64 
M5 LG 430 0.3310 0.77 
M6 TRINA 439 0.2688 0.62 
M7 LG 435 0.3320 0.76  

Fig. 2. Bifacial reference modules: a) front view of the scheme; b) rear view of the scheme; c) shunt connections at the bypass diode box; d) outdoor calibra
tion testbench. 

Table 2 
Calibration constants for the front and rear sides of the reference modules.  

Module Front side (mV/1000 Wm-2) Rear side (mV/1000 Wm-2) 

LG 54.08 40.84 
TRINA 55.40 35.86  
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of the upper row (Fig. 1), but in this case, the observed skewness in the 
hourly rear irradiance moves the mode of the distribution towards the 
morning. 

Variability of the rear irradiance can also be quantified by a 
parameter named non-uniformity of rear irradiance, defined as [30], 

GNU =
Gmax

r − Gmin
r

Gmax
r + Gmin

r
(3)  

where Gmax
r and Gmin

r are the maximum and minimum values of rear 
irradiance. GNU, calculated with all the rear irradiance sensors in the 
testbench during the measuring time, has been placed in the range of 20 
%–40 %, being higher when solar radiation is higher, as reported by 
other works in the same climatic conditions [30]. To illustrate the 
variability of rear irradiance in the array footprint Fig. 4 shows the 
heatmaps of the monthly rear irradiation of all sensors. These heatmaps 
represent the footprint of the experimental facility by a grid of 6 rows 

and 4 columns; therefore, each module in the facility is represented by 
one column and two rows. Fig. 4 also shows the boxplot on a monthly 
basis of the difference between the rear irradiance measured by LG and 
TRINA reference modules. TRINA reference module is placed in rows 3 
and 4, column 2 of the heatmaps shown in Fig. 4. It is the least sensitive 
to edge effects due to its positioning compared to the other rear sensors. 
The heatmaps show the impact of the edge effect on the variability of 
rear irradiance, which is increasing as solar irradiance increases in the 
spring and early summer months. In addition, the boxplot of the dif
ference between LG and TRINA rear irradiance shows very clearly the 
higher contribution of the edge effect in the LG reference module, which 
also increases during the months with higher irradiation. 

4. Modeling the performance using bifacial reference modules 

Assuming that the TRINA reference module can be used as a good 

Fig. 3. Boxplot of rear irradiance measured by the different sensors at middle row.  
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irradiance sensor for measuring simultaneously both front and rear 
sides, the irradiance measurements can be used to compute the power 
output of each bifacial module in the testbench. For that purpose, all the 
electrical characteristics of the modules given by the manufacturer are 
coded to modelling each module using pvlib model [37]. The five pa
rameters of the single diode model are computed using the technical 
parameters of the modules as input. The single diode model included in 
pvlib is used to compute both the I–V curve and the total power values of 
each bifacial module by the sum of the front and rear power corre
sponding to the front and rear effective irradiance [38]. The temperature 
of the module used as input parameter is the temperature measured at 
each module by a thermocouple at the rear part of the module. Fig. 5 
shows the scatter plot for the eight modules in the testbench and illus
trates the sensitivity of each module to the complex irradiance pattern. 
The effective irradiance used for the frontal and rear sides of the mod
ules was assumed to be the TRINA frontal measurements and the TRINA 
rear measurements, the latter rated by the bifaciality of each module. 

All computing has been performed for the data collected between 
10:00 and 14:00 UTC since the modules are placed on a rooftop with 
some surrounding trees and obstacles, and thus it is ensured no partial 
shading that might occur in the morning and afternoon. The modelling 
results are more accurate for the modules closer to the TRINA reference 
module (M5, M4, M2, M6 and M7). Table 3 shows error metrics for this 
modelling, which are in the range of 6–16 W m− 2 (mean absolute error). 

The performance ratio for bifacial modules (PRbi) is computed 
through the following equation [13], 

PRbi =
Pout

(
PmaxGf BIF

)/
Gref

(4)  

Where Pout is the power output, Pmax is the nominal power of the module 
(Table 1), Gf is the front irradiance, Gref is the reference irradiance 
(1000 W m− 2), and BIF is the bifacial irradiance factor, defined in 
Equation (2). 

Fig. 4. Monthly rear irradiation measured with the different sensors (kWh m− 2) and boxplot of the LG and TRINA rear irradiance difference on a monthly basis.  
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Thus, the performance ratio of all the bifacial modules in the test
bench has been calculated for the interval time between 10:00 and 14:00 
UTC using the irradiance measured with the TRINA reference module. 
The monthly average performance ratio is shown in Fig. 6. In spring and 
early summer, the performance ratio of all the modules converges as the 
sun elevation is higher and the edge effects contribution is much lower. 

To estimate the bifacial gain, a monofacial module Yingli YL265P- 
29b was installed for three weeks in the bottom row, next to M6 mod
ule. The measured nominal power of the monofacial module was 263.4 
W. Since the modules are different in power, the determination of the 
bifacial gain (BG) was performed with the comparison of power values 
normalized by the corresponding nominal powers, 

Fig. 5. Scatter plots of the computation of bifacial modules power output.  

Table 3 
Metrics of modelling bifacial power with reference module.  

Module MAE (W m− 2) RMSE (W m− 2) R2 

M0 12.3 25.9 0.96 
M1 12.3 31.2 0.95 
M2 8.1 17.7 0.98 
M3 16.1 25.4 0.96 
M4 9.1 25.5 0.96 
M5 12.3 22.7 0.97 
M6 6.7 17.6 0.98 
M7 6.8 17.6 0.98  

Fig. 6. Performance ratio of the bifacial modules.  
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BG=

Pbi
/

Pbi,STC
− Pmo

/
Pmo,STC

Pmo
/

Pmo,STC

(5)  

Where the subscript bi and mo refers to bifacial and monofacial, 
respectively. Average bifacial gains estimated for modules M6 and M7 
were 14 % and 21 %, respectively. The higher bifacial gain of M7 (LG) 
compared to M6 (TRINA) is associated to the higher bifaciality factor of 
LG and to the higher impact of edge effects in LG bifacial module due to 
its positioning in the testbench. 

5. Application of bifacial irradiance models 

Models for computing back and front surface irradiance for bifacial 
applications can be grouped into three categories: ray-tracing models, 
view factor approaches and empirical models [39]. View factor based 
models calculate the fraction of irradiance scattered or reflected from 
the surroundings. They estimate the diffuse, direct beam and 
ground-reflected irradiance for the rear side of the module taking into 
account the view factor. The view factor, in this context, is the fraction of 
the radiation from a given surface (collection of surrounding surfaces 
near the array) that hits the back side of the row of bifacial modules. 
View factor models can be implemented easily but they might be not 
accurate enough with irregular geometries and structures. The front side 
irradiance is computed by the sum of the direct, sky diffuse and reflected 
contributions. The rear side is essentially similar, taking into account the 
angle of incidence on the back side and the view factor of the rear 

surface. The models used here belong to the 2D view factor category, 
which assumes the length of the module rows to be infinite. Thus, 
geometric parameters as the ground clearance ratio (ratio between the 
PV module area and the total ground area), row height or tilt angle, and 
physical parameters such as the albedo are the main input together with 
the basic solar irradiance components (direct normal and diffuse hori
zontal irradiance). 

Bifacial irradiance models based on the 2D view factor concept are 
simple and very fast in computing compared to ray-tracing models. 
However, as they usually assume infinite row extent, they might un
derestimate the edge effects in small-size systems. Three bifacial irra
diance models have been used here to compute front and rear irradiance 
corresponding to the TRINA bifacial reference module: Purdue [6,40], 
pvfactors [41] and biacialVF model [42], all of them available in pvlib or 
github repository. Bifacial VF is also the model implemented in System 
Advisor Model (SAM) which is a very powerful and popular tool for 
modeling solar power systems [43]. Bifacial VF assumes a 5-row PV 
system of infinite extent and returns the irradiance profile along the 
middle row. 

In order to run the bifacial irradiance models we need measurements 
of the basic components of solar radiation, diffuse horizontal (DHI) and 
direct normal (DNI) irradiances. A complete solar radiation station is 
placed on the rooftop adjacent to the testbench rooftop. Kipp & Zonen 
CM11 pyranometers were used for measuring global and diffuse hori
zontal irradiances, and a first class pyrheliometer was used to measure 
the direct normal irradiance. Measurements of DNI, DHI and global 
horizontal irradiance (GHI) have been analyzed in quality following the 

Fig. 7. Scatter plots of bifacial irradiance models based on view factor approach.  
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Long and Dutton test recommended by the BSRN (Baseline of Surface 
Radiation Network). Only those measurements that have passed the 
quality check limits were used as input for bifacial irradiance models 
[44]. Fig. 7 shows the scatter plot corresponding to the front and rear 
irradiance estimated by the three bifacial irradiance models tested. 
Significant dispersion is observed in rear irradiance due to the 
complexity of modeling the variability, in part due probably to the fact 
that they cannot model edge effects properly. These models assume 
large strings of PV modules. Purdue model tends to overestimate the rear 
irradiance, while the other two tend to underestimate it. BifacialVF is 
the model that best performs both front and rear irradiance measured by 
the TRINA reference module. The mean absolute error for rear irradi
ance are 18.2, 20.0 and 6.9 Wm-2 for Purdue, pvfactor and BifacialVF 
models, respectively. In the case of front irradiance, the mean absolute 
errors were 72.9, 103.4 and 81.0 Wm-2. It should be noted that the 
irradiance station is not placed just at the same rooftop as the testbench 
but on the adjacent one. In consequence, part of the uncertainty of the 
bifacial irradiance models comes from the uncertainty in the solar ra
diation components. Nevertheless, and despite the complexity of this 
comparison the BifacialVF model accuracy is remarkable. 

6. Conclusions 

Bifacial PV systems are growing in parallel to the increasing appli
cations where bifaciality may offer advantages. Carport and other can
opies, noise barriers, agrivoltaic or PV power plants with single-axis 
tracking are some of the examples of bifacial PV configurations. How
ever, bifaciality produces complexity in the rating and characterization 
of many bifacial systems due to the non-uniformity of rear irradiance. 
Complex albedo and partial shadowing from the different surfaces and 
structures challenges the proper characterization of bifacial systems and 
lead to mismatch loses in the systems. In this context, different ap
proaches to measure rear-side irradiance are being proposed in the 
community. On the other hand, in modelling bifacial systems, and 
particularly in modelling rear irradiance, several approaches and efforts 
have led to the availability of open source models (ray-tracing ad view- 
factor based) that are very useful in designing and deploying new sys
tems. However, there are still challenging features associated to some 
input parameters, such as the complex variability of the albedo. 
Therefore, there is no standard yet for measuring rear irradiance for 
rating bifacial systems, and further research is needed to extend the 
cumulative experience. 

In measuring the in-plane irradiance for bifacial systems the use of 
bifacial reference devices has the benefit of permitting simultaneous 
measurements of front and rear irradiance with one single instrument, 
and at the same time it has identical response as the modules to be 
monitored. In this work we have studied the use of bifacial reference 
modules on a small rooftop system with eight modules. We describe a 
simple method for building bifacial reference modules, which were 
prepared and calibrated to measure front and rear irradiance. Rear 
irradiance is then measured by bifacial reference modules and with eight 
reference cells, which were distributed along the system to also analyze 
the non-uniformity of rear irradiance. The variability of rear irradiance 
is significant in small systems as the one under study here. Bifacial 
reference modules can be a good solution for monitoring the front and 
rear effective irradiance in bifacial PV systems since they have a larger 
field-of-view than calibrated cells, and they capture the edge effect. The 
latter would require several calibrated cells, which complicates the data 
processing. However, it is recommended to place the bifacial reference 
sensors on the same array racking as the modules under testing and 
guarantee they have a representative field of view. 

In this work we have also explored the use of three view-factor based 
models for computing front and rear irradiance. The assessment of the 
modelling has been done by comparison to the bifacial reference module 
measurements of front and rear irradiance. Uncertainty in the rear 
irradiance estimation is usually high since both the uncertainty in the 

inputs, albedo and the basic components of the solar radiation (direct 
normal and diffuse horizontal), may enhance the model characteristic 
uncertainties. 

In future work, a thorough study on the sensitivity of the bifacial 
reference modules to the position and to different ground conditions is 
planned in order to better characterize the possible uses of these devices 
as sensors for bifacial systems. In addition, other PV technologies (such 
as Heterojunction Technologies) will be explored to evaluate the po
tential benefits of higher bifaciality in measuring the rear side 
irradiance. 
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