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Abstract

Bifacial photovoltaic (bPV) modules, leveraging both front and rear irradiance, offer enhanced effi-
ciencies over traditional monofacial modules. However, the accurate modeling and validation of bPV
modules remain under-researched. This work addresses this gap by proposing a comprehensive model
for bPV modules, detailing its development and validation through three key studies. The first study
focuses on characterizing bPV modules, employing IV curves and diagnostic tests to assess module
conditions. The second study evaluates and compares three electrical models using indoor IV curves,
identifying key parameters affecting IV curve estimation. The third study introduces an electrical-
thermal model, integrating a hybrid thermal model and open-access irradiance estimation software.
The electrical model demonstrates strong estimation accuracy, with a percent error below 3% at the
maximum power point using indoor IV curves. However, real-condition simulations reveal higher errors
due to effects such as shadowing and irradiance misestimation. The findings underscore critical factors
influencing bPV module performance, offering valuable insights for future research and development.



Chapter 1

General Introduction

Bifacial photovoltaic (bPV) modules represent a promising advancement in solar technology due to
their ability to harness both front and rear irradiance for energy production, leading to improved
efficiencies. Evaluating the potential production of bPV modules in a specific location requires careful
assessment of the local ambient conditions. While numerous models have been developed and ex-
tensively studied for monofacial modules, there remains a significant gap in research concerning the
accurate modeling and validation of bPV modules.

This work aims to address this gap by proposing a comprehensive model for bPV modules, detailing
each step of its development and validation.

Hypothesis:

“It is possible to propose an electrical-thermal model for bifacial photovoltaic modules with greater
precision regarding its scope and limitations if the data used come from high-quality measurements,
such as the results obtained with the Eternalsun TCLF equipment.”

And the following objectives:

e General objective: Propose an electrical-thermal model for bifacial photovoltaic modules based
on fitting models found in the literature, using IV curves obtained under controlled irradiance
and temperature conditions in a solar simulator.

e Specific objectives:
— Conduct a review of the state-of-the-art regarding electrical and thermal models for bifacial

photovoltaic modules.

— Generate a baseline of IV curves for PERC+, HJT, and n-PERT bifacial photovoltaic
modules under different irradiance and temperature conditions in the laboratory.

— Evaluate the performance of bifacial photovoltaic module models from the literature and
compare them with the experimental data obtained for the various modules under study.

— Propose a model that can match the real behavior of bifacial photovoltaic modules under
controlled temperature and irradiance conditions in the laboratory.

— Compare and validate the proposed model based on controlled indoor measurements, with
illumination on both sides of the module, and outdoor measurements.



Three key articles form the basis of this research:

1. Characterization of bPV Modules: The first article outlines the fundamentals of accurate
measurement using I'V curves and other diagnostic tests essential for assessing the condition of the
study object. Techniques such as thermography and electroluminescence are used to categorize
different kinds of images based on detected faults. IV curves are analyzed to identify different
shapes that indicate various issues, operational conditions, or faults.

2. Evaluation of Electrical Models: The second article focuses on electrical models, where three
different models are evaluated and compared using indoor IV curves. The most effective model is
further analyzed to identify the parameters that most significantly impact IV curve estimation,
with findings indicating that saturation current is a critical factor in the single diode model.

3. Proposed Electrical-Thermal Model: The third article presents an electrical-thermal model.
This model estimates irradiance using open-access software and integrates a hybrid thermal
model derived from two existing literature models. The electrical component of the model com-
bines the best features of previously proposed models. The electrical model is evaluated using
experimental indoor IV curves and validated with outdoor measurements under continuous mon-
itoring. The thermal model and estimated irradiances are compared with outdoor experimental
measurements. Results demonstrate a strong estimation capability for the electrical model when
it is evaluated with indoor measurements, with a percent error not exceeding 3% at the maximum
power point, a critical factor in production prediction. However, when all models are combined
to estimate production under real conditions, various effects, such as shadowing from frames and
irradiance misestimation, lead to higher estimation errors.

The proposed methodology, experimental setup, and results highlight several influential factors affect-
ing bPV module performance, providing valuable insights for future research and development in this
field. The combination of controlled indoor conditions and outdoor validation enables a clearer iden-
tification of factors affecting estimation accuracy, thereby enhancing the reliability and applicability
of the proposed model.



Chapter 2

Characterization of the electrical behavior
of a bifacial photovoltaic solar module
obtained through static and transient
analyses

Note
This article was submitted to WCPEC-8 proceedings [[], carried out in 2022.

Abstract

In the last 18 years PV solar power has increased from 0 to 500 GWp approximately as indicated by
International Energy Agency Photovoltaic Power Systems Program IEA PVPS [2]. However, an issue
that has been left aside is the maintenance of the constituent elements of a solar PV plant, this mainly
because the elements are still under warranty. In particular, one of the fundamental players in a solar
PV plant is the Photo Voltaic Solar Module PVSM, which usually has a guarantee of around 20 years.
However, it has been proven that in practice a large number of modules have presented unexpected
failures, e.g., power degradation faster than what the manufacturer considered when defining the
warranty. Considering an average annual degradation of 1%, it would be expected that within the
first 10 years, the PV modules of a PV plant present a 10% degradation in their performance. In
this work it is carried out a characterization of the electrical behavior of a bifacial photovoltaic solar
module obtained through static and transient analyses operating under no-fault and fault conditions
at controlled conditions using the Flasher IV A+A+A+ Solar Simulator of Eternalsun. Later, the
response of photovoltaic solar modules, for their healthy and faulty operation, were studied. As a
result, it is obtained a characterization of the electrical behavior of bifacial photovoltaic solar module
under no- fault and fault conditions at controlled level.

2.1 Introduction 20% of penetration [3]. Solar energy is one of the

most promising in our country since, according to
The Chilean PV industry started in 2014 with a data from the Ministry of Energy, the Great North
progressive insertion of Photovoltaic solar Plants, of Chile would receive the largest amount of aver-
starting with 1.2%, and by 2022 there is already age daily solar radiation, estimating that an area



of 20 [km?] of photovoltaic panels could meet the
energy demand of the entire country [@] Given the
conditions of desert in the great north of Chile, a
technology that is especially promising is the bi-
facial, since it takes advantage of the radiation re-
flected from the ground to illuminate the rear face
of the modules and thus increase the generation,
making a more effervescent.

Together with the development of technology, it
is necessary to create techniques that allow evalu-
ating the performance of this, it is here where the
need to generate methodologies of characteriza-
tion. In the case of monofacial modules, there are
a considerable number of methodologies recorded
in the literature given its settlement and stabil-
ity over time, since that this type of device has a
long history, however, for new technologies, such
as bifacials, there are more challenges associated
with new behaviors that must be studied, such as
their performance in different scenarios, degrada-
tion mechanisms, failures etc.

The characterization of photovoltaic modules can
be carried out using different methods, among
them is the characterization with electrical vari-
ables from IV curves, optical characterization,
characterization by electroluminescence, among
others. The present study will specifically ad-
dress the characterization by means of electrical
variables, electroluminescence and thermography.
The characterization, in addition to providing in-
formation on the current performance of the mea-
sured device, allows detection of possible degrada-
tion or failures.

The degradation of photovoltaic modules is a
problem that has been present in the industry for
a long time, and understanding this process allows
manufacturers to improve the materials and pro-
cesses used in the production of these devices [E]
Some degradation mechanisms are mentioned in

[Gf
2.1.1 Packaging material degradation
This mechanism occurs when the materials that

protect the cell are damaged. Some examples of
this degradation are the breakage of the glass that

covers the modules ( blocking diode fail-
ure, potting discoloration (), delamination
(s 2

.3) and cracking.

Figure 2.2: Blocking diode failure, potting discol-

oration [f]

Figure 2.3: Delamination in a module (left) and
infrared image of the area (right) [E]

2.1.2 Moisture intrusion

The humidity that reaches the module from the
rear face or through the edges of the sheets causes
corrosion ( and increases leakage currents.
it attacks metallic components in the case of ¢c-Si
modules, while in modules thin film attacks the

semiconductor layers, causing losses in their elec-
trical performance.



B

Figure 2.4: Corrosion in interconnections and
metallic contacts of two different modules [H]

In this work it is carried out a characteriza-
tion of the electrical behavior of a bifacial photo-
voltaic solar module obtained through static and
transient analyses operating under no-fault and
fault conditions at controlled conditions using the
Flasher IV +AAA Solar Simulator of Ethernalsun.
Later, the response of photovoltaic solar modules,
for their healthy and faulty operation, were stud-
ied.

2.1.3 1V curve abnormalities

The shape of the IV curves allows to identify
anomalies in a photovoltaic cell. The standard IEC
62446-1 [5] contains some keys for the interpreta-
tion of the different forms that these curves can
present

. (mpp: Vmpp)

! . @ Rounder
v

Increased

slope

Low current

Current

Tmpp X Venpp
loe % Voo

Fill factor =

Low
voltage( 3 )= — -
*—

Voltage 7
Normal curve e o Voc

Figure 2.5: Some of the variations that IV curves
can have [H]

2.1.3.a Steps or crevices

They can indicate faults between the different ar-
eas of the measured device. This deviation indi-
cates that the blocking diode turned on, so some

current is being redirected, bypassing some inter-
nal cells protected by the diode. This can occur
due to partial shading, dirt or soiling of the mod-
ule, damaged cells, or shorted blocking diode.

2.1.3.b Curve with low current

To identify that the current is lower than ex-
pected, the reference is rated short-circuit current.
Some causes of this decrease may be uniform dirt,
shadow fringing, degradation, poor sensor calibra-
tion of irradiance, measurement problems, or ir-
radiances that are too low. 1.3. Curve with low
voltage: To identify that the voltage is lower than
expected, the reference is rated open circuit volt-
age. Some causes can be the diodes in conductor
shunt or shorted, potential induced degradation
(PID),significant and uniform shading throughout
the cell, no correspondence with the actual tem-
perature of the device and the value at which the
curve is plotted.

2.1.3.c Curve with soft knee

Rounding of the knee of the IV curve may be a
manifestation of the process module aging. This
applies to curves that have changed their shape,
since there are some technologies that have this
form intrinsically and not necessarily corresponds
to deterioration.

2.1.3.d Reduced slope in vertical leg

Corresponds to the slope that includes the section
from the point of maximum power (where Vmpp is
located) and the open circuit voltage (Voc). This
slope is influenced by the series resistance of the
module, where the higher the resistance, the lower
slope incline. Some Causes of Increased Series Re-
sistance can be damage to the wiring or faults
in the interconnections of modules or substrings,
which can be caused by corrosion, degradation, or
factory errors. In this case, thermographic inspec-
tion can be a useful tool when it comes to identify
high-resistance faults.



2.1.3.e Greater slope in horizontal leg

This variation may be related to low parallel re-
sistances or parallel current fluxes, differences in
the short-circuit current of the cells of a module
or string (mismatch), shading or punctual soiling.
Shunt current corresponds to deviations due to
localized defects in the cell or in the interconnec-
tions, which can cause localized hot spots that can
be identified through thermographic inspection.

2.2 Setup

To carry out the characterization of the bifacial
photovoltaic modules, three different techniques
were utilized: IV curves, electroluminescence and
thermography; the equipment used for each case
is detailed as follow:

2.2.1 PV Modules

The main element for the measurement is the test
object, in this case two types of bifacial modules.

2.2.1.a Risen RSM72 Bifacial Modules

For the measurement, a total of 10 Risen RSM72
bifacial modules PERC+ were used, their data

nominal values are presented in [Iable 2.

Table 2.1: Specifications of the Risen RSM72 bi-
facial modules [H]

Parameter Value
Dimensions (mm) 1984x992x25
Pmax (W) 370

Vmpp (V) 39.60

Impp (A) 9.35

Voc (V) 48.15

Tsc (A) 9.90
Tolerance Isc +3%
Tolerance Voc +5%
Bifaciality 75%

Also, three mini bifacial modules of heterojunction
technology (HJT) coming from the CEA INES

laboratory were used. Its nominal data is speci-
fied in [Table 2.2,

Table 2.2: Specifications of BOM CEA INES bifa-
cial mini modules.

Parameter BOM3-09 BOM3-09B BOM]I1-16
Pmax (W) 19.216 19.047 18.990
Vmpp (V)  2.352 2.329 2.340
Tmpp (A)  8.172 8.179 8.117
Voc (V) 2.925 2.911 2.918

Isc (A) 8.828 8.829 8.776

FF (%) 74.42 74.12 74.15

2.2.2 1V curves: TCLF

The Temperature Controlled Lab Flasher (TCLF)
solar simulator is a device developed by Eternal-
sun Spire, its purpose is to perform indoor char-
acterization measurements of photovoltaic mod-
ules from IV curves, allowing measurements to be
made under standard conditions STC, but also un-
der controlled conditions of both temperature and
irradiance.

Figure 2.6: Temperature Controlled Laboratory
Flasher (TCLF)

The Flasher Spire measures photovoltaic modules
under AM 1.5G conditions following the ASTM
G173 standard E . Their technical specifications

are found in and @



Table 2.3: TCLF General specifications.

2140 x 13540 mm
2100 x 1300 mm
A+A+A+ (IEC 60904-9)

Dimensions max. module
Effective test area
Classification

Table 2.4: TCLF light source specifications

Lamp type SLP filtered Xenon tube

Pulse duration (ms) 110

Pulse type Single pulse
Spectral range nm 300 — 1200
Spectral Match (%) < 125 (A+)
Irradiance non-uniformity (%) < 1 (A+)
STLLTI (%) 0.10 (A+)
Irradiance range (W /m?) 100 — 1200
Time between flashes (s) <20

200000 flashes
> 400000 flashes

Guaranteed lamp life
Typical Lamp Life

2.2.3 Electroluminiscence

The electroluminescence measurement is per-
formed on all modules (N°1 — N°13). The max-
imum current supplied for RISEN RSM72 PV
modules was 6 A. In the case of the mini bifa-
cial modules, the maximum current used was lower
than I since having a transparent structure, the
light emitted by the reverse reflected off the sup-
porting wall, contaminating the measurement re-
sults; consequently, the level of current chosen to
be able to appreciate in a good way the emitted
spectrum, and at the same time decrease the effect
of reflection was 1 A.

In both cases images captured of both, the front
face and the rear face of the modules, were always
preventing the connections to interfering with the
measurement. From this test, only the capture of
images was performed at the current level indi-
cated previously, since in this way it was possible
to obtain as much information as possible to qual-
itative analysis. The connection used for this test
is showed in .

Amperemeter

()
&)

Voltmeter
PV module

DR 1O

Figure 2.7: Connection circuit for the electrolumi-
nescence test.

Source

Table 2.5: Technical specifications of the power
source used for the test of electroluminescence

Brand Ele-tech
Model HY5020E
Dimensions (mm) 1984x992x25
Panax (W) 1000
Voltage (V) 0-50
Current (A) 0-20

Table 2.6: Technical specifications of the camera,
lens and filter used for electroluminescence assay.

Brand Nikon
Model D750
Sensores (mm) CMOS of 26 mpx.
Filtered wavelenghts (nm) < 850

2.2.4 Thermography

The last test carried out is the capture of IR im-
ages of the modules. Are used two different con-
nections depending on the type of module being
worked on, in the case of Risen RSM72 bifacial

modules, these are connected according to

DC/AC microinverter

Grid

Current
divisor

[ Temperature
sensor

CR1000

Figure 2.8: Risen RSM72 bifacial photovoltaic
module connection diagram.



On the other hand, in the case of the bifacial
mini modules, the PV tests were connected with
a rheostats as indicated in . When con-
nected only a mini module, the generated current
was around 1 A, for this reason a connection of
modules in series, to increase the voltage at the
terminals. Connecting the three mini bifacial mod-
ules in series, and using the minimum resistance
value of the rheostats, a current value of 97 A was
obtained.

CR1000X

=i

MPPT ¢

‘W Battery

Figure 2.9: Connection diagram of the BOM CEA
INES mini bifacial photovoltaic modules.

Battery

Brand Fluke

Model Ti400

Lens FLK-LENS/TELE2
CDVI (mrad) 1.31

Minimal focus distance (cm) 15
Focus system Automatic

Table 2.7: Specifications of the thermal imaging
camera used for the thermography test.

2.3 Methodology

To characterize bifacial photovoltaic modules,
the following tests are proposed to make: I-V
curves, electroluminescence, thermography, and
other such visual inspection [5].

2.3.1 1V curves

2.3.1.a Measurement at constant temperature
of 25°C

After the visual inspection, the measurement of
IV curves is carried out with the solar simula-
tor TCLF. For each module, both front and back
lighting are tested, using temperature correction
at 25°C and varying the irradiance level from 100
to 1000 Wm ™2, with a step of 100 Wm™?2 between
each measurement. With the data obtained, the
IV and PV curves are plotted both with illumi-
nation front and rear for irradiance levels of 100
— 500 — 1000 Wm ™2 of all the modules that cor-
respond to the same type, that is, the first group
contains modules from 1 to 10, corresponding to
Risen RSM72 bifacial modules and the second
group from 11 to 13, corresponding to bifacial mini
modules BOM CEA INES. From the IV curves,
the data is processed to obtain:

o Graph of electrical variables (I, Voc and
Phax) as a function of irradiance, for the
front face and back surface

o Bifaciality coefficients

+ BiFi, Pmax,STC’ and

Prax,BiF-i200

Prax,BiF-i100

2.3.1.b Temperature controlled measurements

Once the IV curves corrected at 25°C have been
obtained, the tests are carried out with control
temperature at 25 — 50 — 75°C, and a fixed ir-
radiance of 1000 Wm™2. From the Risen RSM72
bifacial modules, modules N°1, N°8 and N°10 were
chosen. From the BOM CEA INES bifacial mini
modules, N°11 was chosen. With the data ob-
tained, a graph of electrical variables (I, Vo and
Ppax) is made depending on the temperature. For
module N°10, the test of both rise and fall in tem-
perature is recorded, therefore, temperatures of
50—25°C are also added to the original points.



2.4 Results

2.4.1 1V curves

IV and PV curves are plotted at irradiance lev-
els of 100, 500 and 1000 Wm ™2, which represent
a low, intermediate, and high level, and thus ob-
serve if there are changes in the shape of the curves
depending on this factor. In this section are only
included the graphs for the irradiance level of 1000
Wm 2.

Front side IV: Risen RSM72-6-370BMDG G: 1000

10

— Module 1 — Module 6
— Module 2 — Module 7
87 — Module 3 — Module 8
— Module 4 Module 9
— Module 5 — Module 10

Current (A)

30 32 34 36 38 40 42 44 46 48
Voltage (V)

Figure 2.10: IV curves for the 10 Risen RSM72 bi-
facial modules at an irradiance of 1000 Wm~2 on
the front face.

Front side PV: Risen RSM72-6-370BMDG G: 1000
400

— Module 1 — Module 6
— Module 2 Module 7
3001 __ Module 3 — Module 8
— Module 4 Module 9
— Module 5 Module 10

Power (W)
N
o
o

0 10 20 30 40 50
Voltage (V)

Figure 2.11: PV curves for the 10 Risen RSM72
bifacial modules at an irradiance of 1000 Wm 2
on the front face.

Rear side Isc: Risen RSM72-6-370BMDG

—— Modulel —— Module 6

S pe— Module2  —— Module 7

5{ —— Module3 —— Module 8

- —— Module 4 Module 9
5(:, 41— Module 5 Module 10

200 400 600 800
Irradiance (Wm™2)

1000

Figure 2.12: Short circuit current of the 10 Risen
RSM72 bifacial modules for irradiances from 100
to 1000 Wm~—2 on the rear face.

Rear side Pmax: Risen RSM72-6-370BMDG

250

—— Modulel —— Module 6
200 — Module2  —— Module 7
—— Module 3 —— Module 8
—— Module 4 Module 9

Prax (W)
=
I
o

—— Module 5 —— Module 1

_

100

50

200 400 600 800
Irradiance (Wm~=2)

1000

Figure 2.13: Short circuit current of the 10 Risen
RSM72 bifacial modules for irradiances from 100
to 1000 Wm~—2 on the rear face.

When the irradiances are low, the dispersion is
not appreciable, however, as the irradiance level
increases, the change in slopes is noticeable. Mi-
nor slopes are associated with modules N°3, N°5,
and N°10, at an intermediate point finds module
N°7, and the largest slopes are associated with
modules N°1. In the same way as for the Risen
RSM72 bifacial modules, for BOM CEAN INES
PV modules, the graphics are included of IV and
PV curves for the irradiance level of 1000 Wm 2.

Rear side: BOM CEA INES G: 1000

©

o

IS

Current (A)

— Module 11
Module 12
— Module 13

N

%.0 0.5 1.0 1.5 2.0 2.5 3.0
Voltage (V)

Figure 2.14: IV curves for the 3 bifacial mini mod-
ules at an irradiance of 1000 Wm~2 on the rear
face

Front side PV: BOM CEA INES G: 1000

17.5
— Module 11
15.0 Module 12
— Module 13
12.5
% 10.0
2
3 75
a
5.0
2.5
0'%.0 0.5 1.0 2.0 25 3.0

1.5
Voltage (V)

Figure 2.15: PV curves for the 3 bifacial mini mod-
ules at an irradiance of 1000 Wm~2 on the rear
face
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Rear side Pmax: BOM CEA INES

15.01  —— Module 11
~—— Module 12
—— Module 13

"

200 400 600 800 1000
Irradiance (Wm~2)

125+

Figure 2.16: Maximum power of the 3 mini bifacial
modules for irradiances from 100 to 1000 Wm 2

on the rear face. Figure 2.17: Electroluminescence results per-
formed on bifacial module N°1 a) front face (b)
rear face

2.4.2 BiFi

BiFi corresponds to the slope of the linear regres-
sion of the maximum power in function of the ir-
radiance of the rear face of the module, this cor-

responds to the slope of the first points obtained
in . In this case, the levels of irradiance
of 100, 200 and 300 Wm™2, given the recommen-
dations of the IEC standard TS 60904-1-2:2019

[6]. The values of BiFi, Ppax s PaxBir-i100 and
Pnax,BiF-i200 are presented in [Table 2.§.

Module BiFi Prax,sTC  Pmax,BiF-i100  Pmax,BiF-i200

Figure 2.18: Electroluminescence results per-

; gggg jgg;g 23322}1 332232 formed on bifacial module N°10 a) front face (b)
3 0.2256 -0.9794  21.5785 44.1364 rear face

4 0.2447 -1.2942 23.1798 47.6537

5 0.2433 -1.1149 23.2113 47.5374

6 0.2387 -0.7622 23.1059 46.9740

7 0.2434 -1.4954 22.8416 471787

8 0.2544 -1.4001 24.0361 49.4722

9 0.2496 -1.9960 22.9633 47.9225

10 0.2432 -1.6505 22.6696 46.9898

Table 2.8: BiFi obtained for each Risen RSM72
bifacial module and their respective Ppaxstc,

Prax,BiF-i100 and Prax BiF-i200

2.4.3 Electroluminescence

Tmages obtained in the electroluminescence mea- L igure 2.19: Electroluminescence results per-

surement for RISEN RSM72 PV Modules are formed on bifacial module N°8 a) front face (b)

shown in rear face
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Figure 2.20: Electroluminescence results per-
formed on bifacial module N°11 a) front face (b)
rear face

The front face of the bifacial mini module BOM
CEA INES N°11 shows a series of dark spots sim-
ilar to stripes, which are observed both from the
front and back () These spots can be as-
sociated with the decrease in time of life of the
minority carriers, since its structure resembles the
impurities seen_in [Fig. 2.15, as well as cell con-
tamination. ‘, where line-shaped defects
appear. The light emitted by the cells looks uni-
form, without appreciable differences. Electrolu-
minescence shows no indication of the delamina-
tion mentioned on visual inspection.

2.4.4 Thermography

The images obtained in the thermography are an-
alyzed based on the numbering showed in @
. Modules N°1, N°2, N°3, N°4, N°6 and N°7
was found positioned vertically, while the modules

N°5, N°8. N°9 and N°10 were positioned horizon-
tally.

Figure 2.21: Results of thermography performed
on bifacial module N°1.

Figure 2.22: Results of thermography performed
on bifacial module N°8.

Figure 2.23: Results of thermography performed
on bifacial module N°10.

Figure 2.24: Results of thermography performed
on bifacial module N°11.

2.5 Discussion

At 1000 Wm 2 the difference in performance can
be seen clearly, in particular, the IV curve of mod-
ule N°8 is less pronounced when it approaches the
knee, which according to [9] can occur due to pro-
cesses aging of the module and is consistent con-
sidering that the module has been in operation.
As for the others, module N°1 appears within the
minor maximum power levels, even reaching lower
powers than in the case of module N°10, which has
been previously exposed. The other curves have
tightened to the previously mentioned behaviors
for the irradiance levels of 100 and 500 Wm™2.

As the irradiance level varies, in , the

short-circuit current increases linearly. Qualita-
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tively, it is observed that for the front face the
value of I, does not vary much. The module that
showed higher short-circuit currents when illumi-
nated from its front face was the module N°10,
while the one that reached the minors was the
module N°8. In this case, no particular behavior
is observed that differentiates the exposed mod-
ules of the unexposed. On the other hand, when
the lighting is done on the back a clear separa-
tion is observed in the short-circuit current levels
reached.

In the case of BOM CEA INES MODULES, it
can be identified an abnormality in module N°11,
probably caused by a delamination, which is con-
firmed with the IV curves and thermography test.
shows that the minimum BiFi value cor-
responds to module N°3, result that is evident
when observing , since this is the one that
has the lower peak power levels when lit from the
back. On the other hand, the module that had the
best maximum power performance was the N°8,
and it coincides with the highest BiFi value. This
quantitative result also allows corroborating some
performances that had been previously observed
on the charts, for example, the highest BiFi value
corresponds to module N°6. For EL test,
shows the electroluminescence results of module
N°1. In general, the first thing that is most evi-
dent is the difference in illumination of the cells,
where the most illuminated is column E, contrast-
ing with column F since it is darker. Some cells
that are also particularly dark are (1,B), (2,B),
(1,D), (2,D) and (11,B), which according to [10]
could be due to a decrease of the lifetime of the
minority carriers of the semiconductor.

In the case of module N°8 () dark spots

are observed on the edges of the last cells of
columns D and E. Due to the color of the stains
could be associated with type C cracking, which is
associated with the disconnection of regions from
the rest of the circuit, and therefore, decreasing
the power performance, which was seen clearly in
, where this module had the lowest perfor-
mance when increasing the irradiance level of the
front face. In addition, darker cells are observed,

such as (3,C) and (4,C), which show faded black
spots. All finds viewed by the front face are also

replicated when observing the spectrum emitted
by the back face. An important detail is that, al-
though the modules that present cracks show a low
in power performance, this is only apparent when
lit from the face front, since on the back the be-
havior is totally different, reaching even to observe
that the module N°8 reaches the highest levels of
maximum power. In module N°10 () some
more noticeable darkening are observed in cells
(2,C), (7,B) and (8,C), which can be caused by the
decrease in lifetime of minority carriers. Module
N°10, during thermography test, shows uniform
temperature distributions, without anomalies on
its front face, in the case of its rear face a fringe
pattern with a lighter color (), which is
attributable to reflections metal structure prod-
uct.

module N°11 has some hot spots in the
area of the junction between cells (1,A) and (2,A).
Hot spots evidenced fit with the areas that have
presence of dirt on the surface. On the other hand,
temperature distribution on the rear face of the
module shows an increment in the cells of the sec-
ond row, which is consistent with identified delam-
ination. Also, the rear side shows some hot spots
between cells (1,A) and (1,B), as well as at the
junction between cells (1,B) and (2,B), which fits
with the presence of dirt on the surface.

As a synthesis, a block diagram is made with
the routines carried out and diagnoses based on
the findings that can be evidenced, showed in
. This considers the test suite was i) IV

curves ii) electroluminescence iii) thermography.

2.6 Conclusions

The main contribution of this work is the creation
of a methodology for the characterization for bi-
facial photovoltaic modules from three tests: plot-
ting curves IV, electroluminescence and thermog-
raphy, in addition to the detection of anomalies
through complementary visual inspection. Within
this, one of the points of greatest emphasis was
the use of the TCLF equipment, a solar simulator
specialized in the characterization of photovoltaic
devices from IV curves in the laboratory.
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Later, a guide was generated with procedures for
measurement with and without temperature con-
trol. One of the main advantages that this device
showed is the fast data acquisition, the possibility
of working under standardized conditions, and fi-
nally the possibility of controlling the variables of
temperature and irradiance. Regarding the char-
acterization based on electrical variables, it was
observed that the IV curves were clear in showing
abnormalities in three main cases i) the presence of
delamination ii) cracking iii) shading. In the case
of delamination, there was a noticeable decrease
in the short-circuit current of the affected device,
while the cracking was shown to from the smooth-
ing of the knee of the curve, which in the PV char-
acteristic is evidenced as a decrease in the maxi-
mum power point. Finally, the shading generated
current steps, decreasing the maximum power per-
formance of the devices. This phenomenon was ob-
served on the rear face of all Risen bifacial mod-
ules RSM72. With extracted parameters from the
IV curves, graphs were made based on the irradi-
ance for both the front and back face. These charts
help complement the information provided by the
IV curves, showing that the decreases more no-
ticeable in the slope for the case of I and Pupax
(BiFi) are related to degradation.

Regarding the electroluminescence tests, these
provided key information to identify type A and
B cracking modes, but they did not serve to de-
tect delamination or scratches on the surface of
the modules. This assay also showed cells more
darkened, which could be associated with shorter
lifespans of carriers minority. Contrasting these

latter patterns, no marked relationship was ob-
served between the existence of dimmer cells and
the shape of the IV curves. IR image capture en-
abled identification of hot spots for the case of
Risen RSM72 modules. The latter did not show
significant variations in their IV curves, however,
considering the recommendations of the standard,
a follow-up of these points to prevent this type
of anomaly from becoming security risk. In the
case of the mini modules, this essay provided in-
formation very important for the identification of
overheating in some specific cells and the junc-
tion box. In addition, with thermography it was
possible to identify by means of a high tempera-
ture zone the presence of delamination in module
N°11, which reaffirms that the different tests can
be complemented to obtain a characterization full
of modules.

Finally, it can be affirmed that carrying out the
three proposed tests provides a characterization
complete, since each brings a different perspec-
tive that can complement the results obtained. On
the one hand, electroluminescence tests and ther-
mography help to identify the degradation mecha-
nisms present in the devices measured, which com-
plement the diagnosis through IV curves, where it
is observed the performance of the modules when
exposed to light.
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Chapter 3

Electrical model analysis for bifacial PV
modules using real performance data in
laboratory

Note

This article was submitted to a journal on May 5th, 2024. As it is still under review, the content may undergo
changes.

Abstract

The new PV technologies, such as bifacial modules, brings the challenge of analyzing the response of numerical
models and their fit to actual measurements. Thus, this study explores various models available in the literature
for simulating the IV curve behavior of bifacial photovoltaic modules. The analysis contains traditional models,
such as single and double-diode models, and empirical or analytical methodologies. Therefore, this paper pro-
poses and implements a model performance assessment framework. This framework aims to establish a common
basis for comparison and verify the applicability of each model by contrasting it with experimental data under
controlled conditions of irradiance and temperature. The study utilizes bifacial modules of PERC+, HJT, and
n-PERT technologies, tracing IV curves using a high-precision A+A+A~+ solar simulator and conducting two
sets of laboratory illumination measurements: single-sided and double-sided. In the first case, each face of the
module is illuminated separately, while in the latter, the incident frontal illuminating light is reflected on a
reflective surface. Experimental data obtained from these measurements are used to evaluate three different
approximations for bifacial IV curve models in the case of double-sided illumination. The employed model for
single-sided illumination is a single-diode model. The evaluation of various models revealed that shadowing from
frames and junction boxes contributes to an increase in the error of modeled IV curves. However, among the
three evaluated bifacial electrical models, one exhibited superior performance, with current errors approaching
approximately 20%. To mitigate this discrepancy, a proposed methodology highlighted the significance of accu-
rately estimating I,,, suggesting its potential to reduce errors.

Keywords: PV models, bifacial module, experimental data

3.1 Introduction

Bifacial photovoltaic (PV) technology, in contrast to its monofacial counterparts, offers the unique capability
of harnessing solar energy from both the front and rear sides of the PV module. This technology increased
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significance and is projected to capture a substantial 70% market share by 2030 [L1]. The advantages of adopting
bifacial PV technology over monofacial systems are diverse and compelling. First, the ability to capture light
from both sides leads to notable gains in energy production [12, [13, 14]. Bifacial PV systems exhibit enhanced
energy yield by leveraging reflected light from the ground, surrounding surfaces, and even the sky. Second, the
deployment of bifacial modules, even with a simple arrangement, contributes to a reduction in the levelized
cost of energy. However, this cost reduction can be further optimized by utilizing increased albedo, emphasizing
the importance of considering the reflective properties of the installation area [[15]. Last, bifacial PV technology
demonstrates its value of climate change since it could offer higher power outputs for future irradiance scenarios
than monofacial PV, making them a promising choice for sustainable energy generation [[16]. In this scenario,
it is important to have reliable tools that can accurately predict the energy production of PV modules or
arrangements under different environmental conditions. Since different locations have their unique temperature
levels, irradiance, humidity, and other factors, it is essential to consider these variables when modeling energy
production. For that purpose, several electrical, thermal, and optical models have been developed to represent
the behavior of PV devices. Considering that bifacial PV technology is relatively new, it is necessary to conduct
more research to determine if current models are good enough to represent its behavior or if new modeling
approaches are required to lead to more accurate predictions of energy production.

The electrical output of a PV device can_be simulated using diverse models. One commonly employed approach
is based on the single diode formulation [17, [1§, 19, 20, 21, 22], which incorporates five parameters: photocurrent
(Ipn), diode ideality factor (), diode saturation current (I5), series resistance (Rg), and shunt resistance (Rgp)
[23]. However, as the single-diode model inherently assumes a monofacial setup, adjustments are required to
accommodate the contribution of both faces of a bifacial device. The initial approximation to transform the
monofacial model into a bifacial representation involves introducing an equivalent I,;,. This equivalent current is
derived from the combination of front and rear irradiances [24, 25, 26]. An alternative representation proposed in
[27, 25] for bifacial devices involves adapting the single diode model by connecting two circuits in parallel. In this
configuration, one branch represents the frontal face with its respective parameters. In contrast, the other branch
represents the rear. The addition of the currents generated in both branches yields I5,,. Studies have indicated
that the configuration utilizing the equivalent current source exhibits superior performance compared to the
parallel configuration [25]. In certain cases, the single-diode model has been further simplified by disregarding
resistive effects and eliminating series and shunt resistances [28]. Another formulation extensively used for
monofacial PV devices is the double diode model [29, B0], which has also been adapted to analyze of bifacial
PV devices. This model has demonstrated remarkable accuracy under standard test conditions (STC) and in
various temperature and irradiance conditions [31, B2]. The topology of the model closely resembles that of
the single-diode model, with an additional diode included in parallel. Incorporating an additional diode into
the two-diode model introduces two new parameters, resulting in a formulation with seven parameters. These
parameters include photocurrent (Ip), diode ideality factors (ni, ng), diode saturation currents (I, Is2),
series resistance (Ry), and shunt resistance (Rgp). Some authors have applied this formulation to bifacial PV
devices [33, B4]. Other formulations beyond the single and double diode models have been proposed. In [35], two
monofacial electrical models are utilized. The first is an analytical model proposed by Eduardo et al. [36], while
the second is an empirical model proposed by King et al. [37]. Both models demonstrated effective performance
for non-real-time monitoring, particularly in clear sky conditions, with the analytical model exhibiting greater
accuracy compared to the empirical model.

In fact, several electrical models have been proposed to represent the behavior of bifacial PV modules.
offers a comprehensive overview of how these models have been validated. Outdoor measurements emerge as the
primary method utilized. However, some studies employ simulations to delve into specific aspects or scenarios.
While validation methods predominantly rely on energy output and power to compare model and experimental
results, the analysis of the IV curve is equally crucial. It provides valuable insights into the fit of the selected
parameters and reveals any disparities between experimental data and the proposed model. In summary, the
validation of the proposed electrical model to represent bifacial technology have relied on outdoor data or
simulations, which may lack the control necessary for robust analysis. The limitations of outdoor measurements,
such as less control over irradiance distribution and module temperature, underscore the necessity for alternative
validation methods.

This article assesses existing electrical models for bifacial PV technology by utilizing high-quality data obtained
in an indoor solar simulator. By conducting evaluations in a controlled environment, this research seeks to
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provide a comprehensive understanding of the performance of various electrical models for bifacial PV modules
based on an accurate and reliable assessments. The high-quality experimental data consists in a set of IV curve
of several PV modules of different manufacturers and technologies under controlled irradiance and temperature
conditions, which are obtained in a A+A+A+ Eternalsun sun simulator. Controlled conditions of irradiance
are very important since the PV modules are sensitive to spectral distribution of solar irradiance [38], and
specifically, the presence of clouds difficult its prediction [39]. Having a controlled ambient helps to avoid the
errors coming from the optical model and the different noise sources related to clouds, reflections, and shadowing.

This research seeks to identify the most accurate electrical model for bifacial PV technology. By comparing the
simulated results of different models against meticulously collected indoor data, the research aims to discern
which model best captures the complex behavior of bifacial modules. Additionally, the study aims to assess
the sensitivity of the best electrical models to variations in electrical parameters, providing insights into the
factors that significantly impact model accuracy. This study is structured into several key sections. It begins
with a concise review of the indoor characterization of bifacial PV devices, followed by an examination of
proposed bifacial models found in existing literature. The methodology section provides a detailed exposition
of the experimental setup and the associated data processing methodologies. Subsequent sections present the
results obtained from both single-sided and double-sided measurements. Finally, the study culminates with
comprehensive conclusions drawn from the synthesis of gathered data and the analyses conducted throughout
the investigation.

3.2 Characterization of bifacial PV devices

Characterization of PV devices provides relevant information regarding their performance, including max power
rating, efficiency, estimation of annual energy yield, sizing of system components, and determination of product
value [40]. Standard IEC 60904-1-2 [41] provides recommended electrical parameters for reporting and the corre-
sponding measurement methods for bifacial PV devices. This overview will center on two types of illumination:
single and double-sided. Specifically, the emphasis will be on indoor measurements, focusing on laboratory tests.

3.2.1 Single-sided illumination

When measuring IV curves on bifacial devices, one consideration is to illuminate only one side. The standard
IEC 60904-1-2 specifies that the limit of irradiance on the non-illuminated side should be less than 3 Wm™2.
There are multiple methods available to achieve this requirement:

e Use a non-reflective material behind the non-illuminate side.
o Limit the exposure of the module illuminating with a source of the size of the module.

¢ Cover the non-illuminated side with a black surface.

Liang et al. [42] investigated the considerations outlined in the standard and devised an experimental setup
comprising two distinct darkrooms. They aimed to generate varying background reflections to examine their
impact on characterization results. Their findings revealed that the non-uniformity of irradiance influences two
parameters: fill factor and maximum power. Moreover, irradiances exceeding 3 Wm =2 were found to introduce
uncertainties to the maximum power measurements. It is important to carefully consider the conditions under
which the rear surface is exposed during single-sided characterization to minimize the effects of reflections and
non-uniform irradiance. Implementing the recommended methods from the standard is crucial in addressing
these issues. Razongles et al. [43] examined parasitic reflections occurring when the bifacial module is positioned
away from the black screen surface to mitigate the effects above. They suggested placing a black screen directly
on the back of the module to minimize reflections.
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Table 3.1: Proposed validation methods.

Validation Proposed Evaluation . Measurement
method Ref model method PV device  Technology conditions

Temperature: 25-55°C.
Outdoor 27] P'aralleli IV curve Cell Not reported Irradiance: 1000 W /m?.
measurement single diode Albedo: 0.16

Module Not reported S 9

Irradiance: 900 + 20 W/m”.
Outdoor . Annual bifacial gain Vertical east-west orientation.
measurement [83]  Double diode and energy output Cell N-type Two different albedo.

. Frontal irradiance at 1000 W /m?

r?lzz(sisfgment [B4] Eliiﬁfea(?ii do IV curve Module N-type while rear irradiance varies

between 0% and 30%.
Outdoor tsizgilfijrll(;?ean q Power and Daily performance estimation,
measurement [25] parallel cumulative Module Not reported considering summer and

configuration energy winter days.
Monofacial Variation in albedo levels
Outdoor (33 Analytical DC power and bifacial PERC Different levels of temperature
measurement and empirical PV arra and irradiance depending on
Y weather conditions.

Daily and yearly
Simulation [26] Single diode Energy yield Module Not reported perf(?rmz'mce estimation,

considering sunny and

cloudy days.

IV curves for STC condition: 25°C and

Simulation [28] Single diode monofacial and Module Not reported 1000 W/m?2.

bifacial module

20°C and 800 W/m?.




3.2.2 Double-sided illumination

In the case of double-sided illumination, it is crucial to accurately measure both frontal and rear irradiances
and develop a method to illuminate both faces consistently. There are various arrangements and measurement
techniques. For instance, Lagunas et al. [44] utilized a 10ms pulse class-A flash simulator to illuminate the
device, with two glasses and mirrors positioned at a 45° tilt from the direction of the light pulse. A mesh was
employed to control rear face light. Irradiance was measured using a reference cell, while current and voltage
were gauged using probes. This setup enabled distinct irradiance levels on each side of the PV device. Different
scenarios were examined to compare the IV curve behavior when the device was illuminated separately from
each side or simultaneously. Results revealed that simultaneous illumination from both sides led to a lower
maximum power point than the sum of currents obtained under separate illumination conditions.

Zhang et al. [45] comprehensively compared one-sided and two-sided illumination. Their experimental setup
involved a light source directed towards a bifacial cell, and a white smooth plate capable of reflecting incident
light. The same configuration was used for single-sided measurements, albeit with adjustments made to the
distance between the laminates and the light source. They evaluated three different types of bifacial cells: n-
type, p-type, and HJT. In contrast to the findings of Lagunas et al., they observed that two-sided illumination
resulted in higher levels of maximum power points than to one-sided illumination.

Finally, Razongles et al. [43] implemented two indoor setups. The first is implemented for large modules, where
two identical Eternal Sun sun simulators were ubicated at each device surface. With this configuration the
irradiance can be totally controlled for both surfaces. The second setup utilized an aluminum-mirror arrangement
specifically designed for 4-cell modules. This setup is very similar to the proposal of Lagunas et al., using a
mesh as a filter to control the irradiance on the rear face.

Across the various presented setups, several commonalities emerge. Firstly, each setup utilizes reference cells
to measure irradiances accurately. Additionally, there is a consistent practice of attenuating incident light on
the rear face of the setup, emulating the albedo effect. These methodological consistencies serve as foundational
pillars for the forthcoming exposition of our proposed setup, to be detailed in the Methodology section.

3.3 Bifacial electrical models

Previously, various models were discussed to elucidate the approaches adopted by different authors representing
the electrical characteristics of bifacial PV modules. Among these models, the single-diode model (SDM) stands
as a conventional choice. It is depicted in , where the current sources symbolize both the frontal and
rear sides of the bifacial module. shows a schematic representation of this model.

(3.1)

v+ Iny - R Vv + Iy - Ry
Ipv = ph’f""Iph,r — IS |:exp <W> —_ ]_:| _ M

Ng-Vi-n Rgn

D O 7 wE

Iy

Figure 3.1: Single diode model adapted for bifacial PV devices.

An alternative representation of the single diode model employs two parallel branches, each corresponding to
one side of the module. This configuration is illustrated in . The resultant current, denotated by I, in
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is the sum of [Eq. (3.3)| and [Eq. (3.4)'.

Ipv == If ‘|‘ Ir (32)
Vov + It - Ry¢ Vov + It - Ry
Ir = Ins— I ~ ) N TR -
Viu + I, - Ry Vov + Ir - Ry
L=In,— I, N ) TR .
ph, 5 {exp( Ns"/t,r'n ) :| Rsh,r ( )

7 (D

Iiry

(s 7

I s

Figure 3.2: Paralell configuration of the single diode model for bifacial PV devices.

Another commonly employed model is the double-diode model (DDM), as depicted in . This formulation
introduces an additional diode-current, necessitating the inclusion of two additional terms for I, and n. A visual
representation is found in .

Vv + Loy - Rs Vv + Loy - Rs Vv + Loy - Rs
=t = g s (S ) 1] o (SRR ) o < )

Q)Iph,f CDIph,r \/ \/ R Vi,

Iy IEPA

Figure 3.3: Double diode model adapted for bifacial PV devices

3.3.1 The bifacial representation
As previously discussed, various models derive the IV curve and energy production for bifacial PV devices.

Regardless of the specific model used, a crucial consideration lies in how these models effectively represent the
bifacial nature of the device. Following parameter estimation, decisions must be made regarding each element
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in the circuit. In the work of [33], for instance, they proposed rescaling the parameters I, , I, I_,, and R_ for
both the front and rear faces while neglecting R_, . This rescaling process is accomplished by incorporating the

respective frontal and rear irradiances, as shown in [Egs. (3.6)| and k3.7 .

If,sc . Gf + Ir,sc . Gr
Gstc

Longer) = (3.6)

_Xf'Gf+Xr'Gr

X
Gf+Gr

(3.7)

Where the term X represents Isi, Is2, and Rs. It is important to note that I, 4 is not a parameter found in
datasheets. Furthermore, calculating Is; v, Is2r, and R, requires data for the rear face, which can be obtained
from measurements.

n [34], both single and double-diode models were implemented. For parameter calculation, they conducted a
two-stage optimization process. The current source is determined using the bifaciality factor (¢y__), as shown in
Eq. (3.8)

Ton(sr) = Ipn(1 + ¢1,.) (3.8)

Subsequently, a new series resistance, denoted as R,qq, is introduced to Rs, resulting in a combined series term
of Ry + Radd - ¢1..- The mathematical representation of the single-diode model is depicted in Eé i3.9 . To
incorporate the double-diode model, it simply needs to add the term corresponding to the second diode.

va + Ipv ) (Rs + Rada - ¢Isc)) _ 1:| _ va + Ipv ) (RS + Raaa ¢Isc) (3 9)

Iy = 1+ — Iy |ex

pv Ph( (blsc) sl |: p < NS K ‘/t Ny Rsh
In other studies, such as [26], a single-diode model is implemented by considering only the frontal face parameters.
As given by Eé i3.10i, the adjustments for bifacial representation involve rescaling the irradiances for the I,
term when parameter extraction is performed under non-STC conditions.

G
Ion = G—E(I nref + (T — Trer)) (3.10)
ref
Here, G is the equivalent irradiance obtained from [Eq. (3.11).
Ge=Gi+G,- ¢ (3.11)

The subscript “ref” refers to standard test conditions (STC), « represents the temperature coefficient for I,
and ¢ denotes the bifaciality factor.

In the case of [35], the bifacial behavior is quantified by the “bifacial gain of irradiance”, defined in .

Gy

BG, =100 -
& Groa

(1 - moss) (312)

Notably, the authors applied the model to outdoor experimental data, hence the usage of Gpoa, representing
the irradiance in the plane of the array, and 7, indicating the loss of power due to non-homogeneity in the
rear irradiance.
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3.3.2 Models evaluation

After reviewing the presented models and their respective validations, three have been chosen for a comprehen-
sive evaluation of their performance using experimental data under controlled irradiance and stable temperature
conditions. The selection criteria are based on their replicability and the diverse modeling approaches employed.
The chosen models are as follows:

e Gu et al. [26] The single-diode model requires 5 parameters. The estimation method the authors
proposed for these parameters is implemented as described by lEqs. (3.13)| to 3.17)|.

5 ) Tref - ‘/oc,ref

Viret = KT g B (3.13)

Ton et & Isc ref (3.14)

L vet = Iscvet - €XP (M) (3.15)

Rup oot = (Vinp,ret — Impref = B ref) Vinp,ref — N = Vi ret) (3.16)
’ (Vinp,ret — Imp ref * Rsref) (Lsc,ref — Imp,ref) — Ns = Vi ref - Imp,ret

Iinp et = Iphref — Is ref [GXP(Vmp’mf;:mth’r;ff. RS’rCf) - 1} - (3.17)

(Vmp,rcf + Imp,rcf . Rs,rcf)[(vmp,ref - Imp,rcf . Rs,rcf) (Isc,rcf - Imp,rcf) - Ns . V;:,rcf : Imp,rcf]
(Vmp,ref + Imp,ref . Rs,ref)(vmp,ref - Ns . Vrt,ref)

Once the 5 parameters are calculated, they are adjusted to their actual irradiance and temperature
conditions. The photocurrent (I,,) is defined in , while the remaining parameters are computed
using equations [Egs. (3.18) to |;3.21;|:

T\ - E, (1 1
[s = I% ref * . g —— 1
= L (m) exp[ ! (Tref T)] (3.18)
Ry = Ry et (3.19)
G,
Ry = Gef - R ref (3.20)
E
T
Vi = e Vi ref (3.21)

o Janssen et al. [33] Utilizes a double-diode model, where initially 7 parameters have to be estimated.
However, based on the author’s considerations, 3 parameters are assumed: Ry, = 0o, n; = 1 and ny = 2.
Then, to obtain the first diode saturation current, the formulation proposed by [46] is employed, given

by ~

Isc +a- (T - Trcf)
Voc+ﬂ'(T*Tref)) 1

exp ( n1-Vy
On the other hand, the second diode saturation current is calculated by [Eq. (3.23).

T3
IsQ,rcf = <377> Isl (323)

Isl,ref = (322)
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Finally, the series resistance is calculated by [Eq. (3.19). Just I, and I; are transformed to its origi-
nal ambient conditions. the first is done by applying [Eq. 3.6]|, and the second is accomplished by the

application of .
qE, 1 1
- — 3.24
P <7’le (Tref Tk ( )

T \*
Is(i) = Is(i),rcf ’ (T}ef>

» Bhang et al. [27] Proposed a single-diode model with a parallel configuration, resulting in the estimation
of 10 parameters, 5 for the frontal face and the other 5 for the rear. A W-Lambert parameter estimation
is employed to obtain it, utilizing the measured values at STC for both faces. Finally, the parameters are
corrected utilizing lEqs. (3.10)| and 3.18)| to k3.20)|.

3.4 Methodology

3.4.1 Setup

This section describes the equipment utilized for measurements, beginning with PV bifacial modules and then
proceeding to the sun simulator.

3.4.1.a Bifacial modules

displays the various modules subjected to measurement. Different technologies were employed, with
a predominant use of PERC+ and HJT. The last column indicates the specific test to be conducted, which will
be elucidated in the subsequent sections. It is worth mentioning that GOPV PSDA6, HET GO 25 and n-PERT
modules are frameless, whereas Risen, Trina, and SunPower modules are equipped with frames.

Table 3.2: Modules utilized for IV curve tracing with the sun simulator.

Module Pmax (W) Technology Test
Risen RSM72-6-370BMDG 370 PERC+ SS, DS
GOPYV PSDA 6 393 HJT SS
HET GO 25 355 HJT SS
n-PERT 348 n-PERT SS
Trina TSM-490DEG18MC.20(1) 490 PERC+ DS
SunPower SPR-P6-500-COM-S-BF 500 PERC+ SS, DS

3.4.1.b Solar simulator

The Eternalsun sun simulator (A+A+A+ class) is employed to illuminate and trace IV curves for the selected
modules. The sun simulator utilizes a single long-pulse filtered xenon tube lamp in the bottom chamber. Conse-
quently, the module and reference cell must be oriented towards the bottom to receive the light. The irradiance
levels can be controlled within 100 to 1200 Wm™2.

The upper chamber is mobile, allowing it to be lowered to cover the module completely, preventing the entry of
external light. The interior of the upper chamber is black, eliminating any reflection of the emitted light. Once
the upper chamber is lowered, temperature control is possible within a range of 10 to 75°C.

A reference cell is connected to measure irradiance, and within the interior of the bottom chamber, there is
another cell named the “monitor cell”, which measures both irradiance and temperature.

Temperature measurement employs two instruments: the first utilizes four T-type thermocouples, primarily
when tracing IV curves at different temperatures, as it allows temperatures above 100°C. The second is an IR
thermal sensor, allowing temperature measurements up to approximately 49°C.
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3.4.2 Measurement

The following sections describe the two tests conducted, the first one using single-sided illumination and the
second one with double-sided illumination.

3.4.2.a Single-sided illumination (SS)

The PV modules listed in underwent the tracing of their IV curves at STC conditions, as depicted in
. For temperature measurement, four T-type thermocouples are affixed to the module using aluminum
foil tape following the method outlined in the standard TEC 60891.

Black
surface

Figure 3.4: Solar simulator setup for single-sided measurement.

3.4.2.b Double-sided illumination (DS)

For this measurement, a 90% reflective film is employed to cover the surface of the upper chamber. This
arrangement allows for the light emitted from the bottom to be partially reflected by this surface, thereby
illuminating the rear face of the bifacial module.

As the reflected light onto the rear surface is not uniform, it becomes crucial to measure the irradiance across
the surface of the modules. The modules were virtually divided into nine sections, marked by the red X symbols
in . The resulting irradiance distributions are named “irradiance matrix”. Irradiance measurements were
conducted with a reference cell positioned in each section. Additionally, an extra point is included below position
2C, which is the reference cell’s position after irradiance measurement. This adjustment helps prevent shadowing
on the rear face during IV curve tracing.

With this configuration, the upper chamber remains lifted to maintain reflection onto the surface. In this case,
temperature cannot be controlled. However, frontal irradiance can also be regulated, affecting the rear irradiance.
The module is exposed to irradiances ranging from 100 to 1000 Wm~2, in 100 Wm~2 increments. For every
data point, the rear irradiance is measured in the position below 2C.

3.4.3 Data processing and model approach
The processing will be divided into two parts, each corresponding to a different test. Among the seven models
—i-able 3. |

listed in , three have been chosen for their replicability, a selection process that will be detailed further
below.
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Figure 3.6: Rear irradiance measuring points to evaluate uniformity in the surface of the module.

3.4.3.a Single-sided illumination measurement (SS)

In this measurement, the frontal and rear faces are tested to obtain their respective IV curves for STC conditions.
It is important to note that the bifacial models previously discussed cannot be applied here, as two IV curves are
traced separately. The primary objective of this test is to examine the behavior of each module face independently
and to observe any potential differences between them.

In this scenario, the single-diode model is applied to analyze each IV curve. The standard test condition (STC)

measured points (Isc, Voc, Impp, and Vinpp) are employed for both the frontal and rear faces. Subsequently, these

data points are inputted into the 5-parameter model for each face of the module. Following parameter acquisition,

the models are used to simulate the IV curves. The comparison between the simulated and experimental IV

curves involves calculating percent errors for voltage values, considering I for current and P,y for power.
ig. 3.7 summarizes every step of this measurement.

3.4.3.b Double-sided illumination measurement (DS)

In this case the measured irradiances in are used to determine the minimum irradiance value under
the assumption that this value limits the short-circuit current, given that each cell operates as a miniature
current source [47]. This minimum value, along with the STC measured points, serves as input for evaluating

the proposed models by [@], [@] and [@]

Once the irradiances are measured, the reference cell is located under the 2C position, and IV curves are traced
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Figure 3.7: Single-sided illumination measurement explanation scheme.

in the range from 100 to 1000 Wm 2 for the frontal side. The data used for evaluating the models is the STC data
corresponding to Isc, Voc, Impp, and Vipp, previously obtained by the single-sided illumination measurement.
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Figure 3.8: Double-sided illumination measurement explanation scheme.

Analogous to SS measurements, percent errors are calculated by comparing experimental and modeled data to
ascertain the model with the best performance. Once this model is identified, it undergoes comparison with
direct parameter extraction using IV curves under DS illumination. Subsequently, a sensitivity evaluation is
conducted to determine which parameters have the most significant impact on IV curve tracing.

3.5 Results and discussion

The results are divided into two sections: single-sided and double-sided measurements. The best model from
the double-sided measurements is then chosen for further parameter evaluation.

3.5.1 Single-sided illumination measurement

IV cu
data.

ves for

the five modules under STC conditions are modeled with SDM and contrasted with experimental

Figs. 3.

to , and display both frontal and rear IV curves for each module (left) and illustrate
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the differences between the estimated and measured values across the complete IV curve (right). These differences
are particularly pronounced near the maximum power point. The module which presents the most appreciable
differences between estimated and modeled current is SunPower, reaching a percentage error close to 20% on
the rear side, while the smaller differences are found in HET GO 25, with a maximum error in its rear side
slightly superior to —2.5%.

When the rear side is illuminated at 1000 Wm ™2, the shadowing effect caused by the frames becomes apparent.
This effect manifests as steps in the IV curve, leading to corresponding steps in the difference between the model
and experimental data. In certain instances, such as with the SunPower module, additional shadowing occurs
due to the connection box, leading to more pronounced steps along the IV curve and a significant disparity near
the maximum power point. This effect could explain the behavior detailed previously, when the rear side reached
the maximum differences. While this behavior may not significantly affect maximum power estimation in tilted
configurations, it could pose challenges in vertical east-west orientations since the sun illuminates directly both
sides.

In cases where shadowing effects are minimal, such as HET G025, HJIT GOPV PSDA 6 and nPERT modules,
both frontal and rear face IV curves exhibit smaller errors, and the error plots behave very similar along the
curve. Errors in current do not exceed +5% at the maximum difference point, indicating a high level of agreement
between the experimental data and the model.

It is evident when comparing IV curve for frame or frameless modules, where the most affected was the SunPower,
whose rear side was affected to the level of reaching errors close to 20%. For frameless modules, the higher error
levels were reached in the maximum power point. Finally, when shadowing effects are minimal V. for frontal
and rear sides are very close, like modules HET GO 25 or HJT GOPV PSDA 6, while clear differences appears
in the modules SunPower, Risen and n-PERT.

10 Module: Risen RSM72-6-370BMDG G front: 1000 G rear: 1000 T: 25 Module: Risen RSM72-6-370BMDG G front: 1000 G rear: 1000 T: 25

Current (A)
Current error (%)

fffff Model frontal ~—— Experimental frontal
Model rear —— Experimental rear —— Frontal error —— Rear error
-8
O0 10 20 30 0 10 20 30 40 50
Voltage (V) Voltage (V)

Figure 3.9: IV curves for frontal and rear faces of Risen RSM72-6-370BMDG (left) and current differ-
ence between experimental data and model results (right).

3.5.2 Double-sided illumination measurement

For this dataset, the three models (Gu et al., Janssen et al. and Bhang et al.) are evaluated and compared with
experimental data. IV and PV curves are traced, and their respective differences are plotted to identify which
one exhibits the minimum and maximum deviations from the experimental data, as seen in to .

SunPower and Risen modules’ frontal and rear faces were separately tested in the SS measurement. Although
both exhibited a gap due to the shadowing effect, their IV curves aligned well in the I, and V. regions, with
the most significant deviations observed near the maximum power point, which can be seen in the error plots.
However, in the bifacial IV and PV curves, while the estimation of ;. closely matched the actual data, deviations
appeared as the curves approached the maximum power point and Voc region. Power and current differences
between experimental and modeled data were evident for the two mentioned modules, and depending on the
evaluated model, this differences can reach values near 100%, which is the case of Bhang et al. model.

When comparing the current and power differences, it was observed that the single-diode model proposed by Gu
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Figure 3.10: (IV curves for frontal and rear faces of SunPower SPR-P6-500-COM-S-BF (left) and
current difference between experimental data and model results (right).
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Figure 3.11: IV curves for frontal and rear faces of HET GO25 (left) and current difference between
experimental data and model results (right).
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Figure 3.13: IV curves for frontal and rear faces of HJT GOPV PSDA 6 (left) and current difference
between experimental data and model results (right).

et al. provided the closest representation of the complete IV curve, which can be seen from the error plots, where
the maximum difference is close to 30%. It was followed by Janssen et al.’s double diode model with parameter
escalation by irradiances, which tends to have more differences while approaching to maximum power point and
Voc region. Finally, the parallel single diode model showed poor performance as it tended to underestimate Py .y
and V., generating the higher differences at the end of the IV curve caused by the poor voltage estimation.
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Figure 3.14: IV curves for frontal and rear faces of n-PERT (left) and current difference between
experimental data and model results (right).

From the analyzed behavior when the frontal face is illuminated at 1000 Wm ™2, it is noted that the maximum
power point and Voc are the two critical points for comparing each model and its fitting with experimental data.
To observe what happens at other irradiance points, the difference between modeled and experimental Pmax

and the difference between the current in the last data point of the plot, is calculated, showed in Fiés 3. 1a
to . The results showed that the best fit for the remaining points is still the proposed model by Gu et al.
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Figure 3.15: IV and PV curves for experimental and modeled data (left) and current and power

differences between each model and experimental data (right), illustrated for module Risen RSMT72-
6-370BMDG.
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Figure 3.16: (a) IV and PV curves for experimental and modeled data (left) and current and power

differences between each model and experimental data (right), illustrated for module SunPower SPR-
P6-500-COM-S-BF'.

30



20.0 Module: Trina TSM-DE18M(ll) G front: 1000 G rear: 83 T: 20.8726 Module: Trina TSM-DE18M(II) G front: 1000 G rear: 83 T: 20.8726

————— PV Janssen PVGu - PVBhang —— PVExp 600 1201 janssen PGu  —— PBhang
17.5] - IV Janssen IVGu - IVBhang —— IVExp 100l | Janssen IGu —— IBhang 140
150 \ 500 120
= 80
3 1005
z 125 400- T 2
< E ] 80 S
5100 I £
g 300z 2 60 &
=1 o [ o
© 75 < £ 40 z
200 o 40 =
5.0 20 20
100
2.5
4 0 \/ 0
\
|
00 0 10 20 30 40 50 0 0 10 20 30 40 50
Voltage (V) Voltage (V)

Figure 3.17: IV and PV curves for experimental and modeled data (left) and current and power

differences between each model and experimental data (right), illustrated for module Trina TSM-
DE18M(II).
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Figure 3.18: Difference between (a) Pmax and (b) current at the last data series point for experimental
and modeled data for the Risen RSM-72-6-370BMDG module.
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Figure 3.19: Difference between (a) Pmax and (b) current at the last data series point for experimental
and modeled data for the SunPower SPR-P6-500-COM-S-BF module.

3.5.2.a Parameters evaluation

Finally, for a comparison with the parameters calculated from each employed model and the actual IV curve,
direct parameter extraction is conducted using experimental data obtained from DS measurements. The obtained
parameters are shown in . Since Bhang et al. model utilizes each set of parameters directly estimated,
it will not be analyzed in this section.

Gu et al. and Janssen et al. use SDM and DDM respectively, each obtained parameter is compared with the
corresponding model parameter estimation. Each parameter obtained from direct extraction is evaluated in
the IV curve and its respective error when compared with experimental data is calculated and presented in
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Figure 3.20: Difference between (a) Pmax and (b) current at the last data series point for experimental
and modeled data for the Trina TSM-DE 18M(II) module.

Table 3.3: Parameters obtained from every bifacial model employed and compared with direct extrac-
tion using SDM and DDM.

Module Model Iy, Iy Ioo Ry Ry, m N9
S}iﬁiﬁfﬁmem 10.5943 8.9835-1077 - 0.1415 inf 1.62 -
Gu et al. 10.7488  9.3922-10°7 - 0.1638 inf 1.61 -
Risen g{?ﬁfcgzzameter 10.5943 2.4945-10~7  6.4410-10~7 0.1415 inf 1.50 2.20
Janssen et al. 10.6366 4.7612-107'% 1.2335-10710 0.1285 - 1.00 2.00
S}ggcﬁf‘;ﬁmew 15.5432 1.2338-106 - 0.0120 inf 1.42 -
Gu et al. 15.6654 1.1825-106 - 0.0146 inf 1.43 -
Sun Power gﬂigi;ameter 155432 8.7542-10"7  2.2680-10~6  0.0200 inf 1.40 2.20
Janssen et al. 15.5987 1.0311-1072 2.6716-1072 0.0122 - 1.00 2.00
fzxcﬁfﬁmeter 12.9789 4.7242-10~7 - 0.0223 inf 1.65 -
Gu et al. 12.8143 8.2291-10~% - 0.0817 inf 1.50 -
Trina g{?rcgzzameter 12.9789  2.7752-10~7  7.1500-10~7  0.0223 inf 1.60 2.20
Janssen et al. 12.8116 7.1552-107'2 1.8538-10~'' 0.0759 - 1.00 2.00

to . It is evident that the errors for both models decreased considerably, considering that Gu et
al.’s model reached percent errors above 20% and with direct parameter extraction does not exceed 10%. In the
case of Janssen et al.’s model, using their approximations to obtain the DDM parameters they reached error
higher than 75% in the worst case, while the direct DDM extraction, as well as the SDM extraction, does not
exceed 10%.

Gu et al. and Janssen et al. used different methods, SDM and DDM respectively, to get certain parameters. Each
parameter obtained was compared with what the models predicted. Then, these parameters are used to trace
the modeled IV curve. Then, the percent error for modeled and experimental IV curves are calculated, shown
in [Figs. 3.2]] to . When direct extraction is applied errors decreased significantly compared to the models’
predictions, considering that Gu et al.’s model reached percent errors above 20% and with direct parameter
extraction does not exceed 10%. In the case of Janssen et al.’s model, using their approximations to obtain the
DDM parameters they reached error higher than 75% in the worst case, while the direct DDM extraction, as
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well as the SDM extraction, does not exceed 10%.
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Figure 3.21: IV and PV curves percent error for direct parameter extraction for SDM (left) and DDM
(right) for module Risen RSM72-6-370BMDG, considering parameters showed in .
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Figure 3.22: IV and PV curves percent error for direct parameter extraction for SDM (left) and DDM
(right) for module SunPower SPR-P6-500-COM-S-BF, considering parameters showed in .
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Figure 3.23: IV and PV curves percent error for direct parameter extraction for SDM (left) and DDM
(right) for module Trina TSM-DE18M(II), considering parameters showed in .

From the comparison, it seems that the principal problem associated at Janssen et al.’s model is their parameter
estimation for n, and ns, since they are assumed instead of being calculated. Another difference is the value of
I, and I3, with 4 magnitude orders of difference. The photocurrent also shows differences, however, they are
minimal compared to the effects caused by the use of the other parameters.

On the other hand, since Gu et al.’s model is the one that presents the best performance, it will be subjected
to a sensibility analysis of its parameters to identify which one has the greatest impact on its error.
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Figure 3.24: Current error when obtained parameters are changed for the estimated SDM parameters
for module Risen RSM-72-6-370BMDG.
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Figure 3.25: Current error when obtained parameters are changed for the estimated SDM parameters
for module SunPower SPR-P6-500-COM-S-BF.
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Figure 3.26: Current error when obtained parameters are changed for the estimated SDM parameters
for module Trina TSM-DE18M(II).

to illustrate various scenarios wherein each parameter, as derived through the method delineated
by Gu, is contrasted with those acquired via SDM parameter extraction from experimental IV curve analysis. The
designation “Gu” denotes parameters obtained without any alterations, while “Iph” signifies parameters obtained
with the substitution of photocurrent values sourced directly from parameter extraction. Similar designations,
namely “Io”, “Rs”, “Rsh”, and “n” denote scenarios wherein all parameters remain consistent with those obtained
through Gu’s method, except for the specific parameter indicated in the legend, which is substituted with its
SDM-extracted counterpart. Notably, the designation “Est” denotes the error observed when all parameters are
derived exclusively through SDM parameter estimation.
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The figures presented in and highlight that the most accurate results were achieved through
SDM parameter estimation using experimental IV curves. The influence of I, variations is most pronounced

at the onset of the IV curve, which accounts for the near-zero errors observed in the “Iph” and “Est” cases.
Conversely, the “Gu” and “Rsh” scenarios exhibit similar behavior, as they both utilize identical parameters
due to Rgy resulting in co. Subsequently, the most effective substitution leading to minimized errors post SDM
parameter estimation involves replacing I,.

The case obtained in behaves differently compared to the previous ones since the replacement of I,
and n generated errors that resulted higher than 50% for the case of n and even higher than 200% for the case
of I,. Those differences can be caused principally for the impact that those two parameters have in the shape
of IV curve, which can be generate differences in V.

3.6 Conclusions

The evaluation conducted with SS illumination highlights the significant impact of shadowing induced by frames
or junction boxes, not only resulting in elevated errors in current but also manifesting as disparities in V. when
comparing frontal and rear IV curves.

Among the array of models scrutinized in existing literature, the assessment focused on three proposals aimed at
determining the optimal fit for IV and PV curves of bifacial PV modules: a single-diode model, a parallel single-
diode model, and a double-diode model. Chosen primarily for their replicability, these models were subjected to
a meticulous methodology encompassing parameter treatment advocated by each respective author, spanning
both frontal and rear sides of the modules to derive the final IV curve. Our evaluation unveiled that the
model proposed by Gu et al. yielded the lowest errors, approximately 20% in the worst case. However, efforts
to mitigate these errors through direct parameter extraction with SDM revealed notable disparities between
estimations. Notably, the parameter with the most pronounced impact was Io, which demonstrated the potential
to reduce errors if accurately calculated, as evidenced in the case of SunPower modules, where errors decreased
from approximately 10% to 7.5%. Conversely, inaccurate determination of Io, as observed in the case of Trina
modules, resulted in errors exceeding 200% when directly extracted I, was replaced.

This research significantly contributes to the literature by offering an evaluation of existing models using data
collected under controlled conditions, thereby reducing uncertainty in irradiance and temperature. Furthermore,
this analysis identifies the parameters and their respective effects, shedding light on the parameter with the
most substantial impact on the curve.

This study suggests two potential avenues for future research. Firstly, there is a need for the evaluation of the
same models under outdoor conditions, encompassing diverse temperatures and non-uniform irradiance pat-
terns. Such research would provide insights into model performance under real-world environmental variations.
Secondly, there is an opportunity for the development of a novel approach to accurately estimate the requi-
site parameters, with the aim of minimizing errors in model predictions. This endeavor would contribute to
advancing the accuracy and reliability of PV module modeling techniques.
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Chapter 4

Electrical-Thermal Model for Bifacial
Photovoltaic Modules: Comprehensive
Validation in Indoor and Outdoor
Environments

Note

This article has not yet been submitted to any journal, so it could undergo changes after the publication of this
work.

Abstract

This study focuses on enhancing the representation of electrical and thermal models for bifacial photovoltaic
modules. Various approaches in existing literature propose improvements, such as incorporating rear irradi-
ance, adjusting resistive parameters and diode currents, and adding series resistances. However, experimental
evidence supporting these approaches is often insufficient to demonstrate advantages and address specific limi-
tations. Moreover, most studies concentrate solely on the maximum power point without analyzing the full IV
curve, which can reveal shading-induced steps on the IV curve due to the rear side frame in most commercial
photovoltaic modules. An electrical-thermal model for bifacial modules is proposed, employing a single diode
model for the electrical component. To capture bifacial behavior, parameters for both frontal and rear sides
are integrated using rescaling based on irradiances, including ambient condition corrections to derive IV curves
and assess power output. For the thermal component, two approaches are employed, culminating in a hybrid
model that offers more precise temperature estimates across various conditions. Irradiance estimation utilizes
Bifacial Radiance software. Validation of the proposed model involves two main tests. The first employs labora-
tory measurements using a type A+A-+A+ solar simulator to generate IV curves under controlled conditions.
Additionally, an outdoor setup includes a vertically oriented, east-west facing bifacial module that continuously
monitors irradiance, temperature, voltage, and current. The proposed electrical model showed excellent accu-
racy in indoor measurements, with maximum current errors of about 3% at peak power, crucial for outdoor
evaluations. However, factors like reflections, clouds, and shadows from module frames can significantly impact
results.

Keywords: Bifacial module, PV modeling, outdoor measurement, indoor measurement
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4.1 Introduction

Bifacial photovoltaic (bPV) technology offers several advantages over traditional monofacial photovoltaic (mPV)
technology, leading to increased power generation. bPV modules capture sunlight from both the front and back
surfaces, significantly boosting overall electricity production. This technology performs particularly well under
high albedo conditions, as the reflectance of white tiles, white pebbles, desert sand or snow on the ground can
contribute to power generation [48, 19, 50]. Additionally, bPV modules provide greater flexibility in terms of
installation direction and location.

Key factors influencing bPV energy production include tilt angle, elevation, ground albedo, and azimuth angle
b1, b2, p3]. Studies have shown that bifacial modules can outperform monofacial ones when normalized for
Standard Test Conditions (STC) on the front side, especially in tilted configurations similar to traditional solar
panels [p4]. Based on the research conducted by [55], bPV shows advantages into different scenarios, considering
sunny and cloudy days, and especially under low irradiances.

To achieve realistic estimations of energy production, various models have been developed to represent the bifa-
cial behavior, encompassing optical, thermal, and electrical aspects. The primary challenge in optical modeling
for bPV is accurately representing rear-side irradiance. Two main methods have been developed for this purpose:
the view factor model and the ray tracing model [56]. The view factor model has been extensively studied [57,
58, 26], while the ray tracing model, primarily used in software such as RADIANCE [59], TracePro [60], and
Ray Optics [61], has been examined by [25].

Thermal modeling is also crucial, as it plays a significant role in estimating efficiency due to the inverse linear
correlation between temperature and efficiency. Research indicates that the temperature of bPV devices tends
to be higher than that of mPV under high irradiance and lower under low irradiance [p5]. Although higher
irradiance results in higher temperatures, the energy yield in bPV is greater due to increased short-circuit
current levels [62]. Aly et al. [63] developed a thermal model that considers irradiance, ambient temperature,
wind speed, and installation characteristics to estimate cell temperature, assuming that only PV cells absorb
incident irradiance while other layers do not.

These models are essential for recreating the environmental conditions to which the module is exposed, providing
critical input information for accurately estimating power output through the electrical model. The electrical
model’s accuracy in calculating maximum power output is crucial for efficient plant sizing and production
optimization. In the literature, most models are based on traditional mPV formulations, such as single- and
double-diode models, with adaptations to represent bifacial behavior [26, B4, B3, 27, 28, 64]. These models focus
on various features, from IV curves to maximum power output.

The characterization of bifacial photovoltaics has garnered extensive attention due to the added complexity of
generating electricity from both sides of the module exposed to light. Measurement methods vary, ranging from
indoor setups with sun simulators to outdoor exposure conditions. Indoor procedures typically employ single
side and double side illumination methods. In the former, each side is illuminated separately, with the opposite
side covered to prevent parasitic reflections, as discussed in [43]. The latter method uses two sun simulators
simultaneously for commercial modules, or employs mirror arrangements for mini modules composed of four
cells.

Indoor studies emphasize the importance of bifacial irradiation measurements and caution against extrapolating
indoor characterizations to outdoor conditions. For instance, [42] focuses on single side measurements and
references the standard IEC TS 60904-1-2, which recommends frontal illumination with the rear side covered.
This setup was used to quantify reflection effects on bifacial PV modules, highlighting how irradiance non-
uniformity impacts fill factor and maximum power. Recommendations from both the standard and the study
include using a black backside to minimize reflections.

Outdoor characterization, on the other hand, involves numerous factors such as background variations [53],
tilt angle changes [65], and environmental parameters like different irradiances, wind speed, shadowing, and
albedo. Consequently, outdoor setups typically incorporate pyranometers for Plane of Array (POA) irradiance
measurement, solar monitoring systems, temperature sensors, and data loggers [55, B5].

The aim of this study is to propose a model that accurately represents the behavior of IV curves under both
indoor and outdoor conditions, including the maximum power point (MPP) during continuous monitoring in
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a vertical E-W configuration. To achieve this goal, indoor and outdoor measurements were conducted. Indoor
measurements involved precise IV curve tracing under controlled conditions, ensuring highly reliable data. In
contrast, outdoor measurements considered realistic environmental effects, providing a comprehensive assess-
ment of the model’s performance. The model integrates irradiance estimation and electrical-thermal modeling
to derive IV curves from environmental data. This approach enables the estimation of output power without
the need for direct measurement on the studied device, relying instead on data from meteorological stations.

This comprehensive approach ensures thorough characterization under various conditions, enhancing the un-
derstanding of bPV module performance across indoor and outdoor environments. The study is structured as
follows: first, a review of the state of the art is presented to highlight relevant evidence on bifacial photovoltaic
modeling. Next, the proposed model is described, detailing both the electrical and thermal approaches. The
methodology section then elaborates on the setup and data processing for both indoor and outdoor measure-
ments. Finally, the results and conclusions are presented, summarizing the findings and implications of the
study.

4.2 Bifacial photovoltaic models

4.2.1 Thermal model

Thermal modeling plays a critical role in estimating operational voltages, IV curves, and power outputs of pho-
tovoltaic devices. Temperature significantly impacts these parameters, as extensively reviewed in [66]. Accurate
temperature estimation is crucial due to factors such as ground reflectivity, temperature, material properties,
and installation conditions [24]. Several models have been proposed to address this, including the Sandia model,
NOCT model, PVsyst model, Heat transfer models, Empirical formulae, Kutzer model, and Castillo model [56].

B3] introduced a thermal model specifically for bifacial PV devices, requiring inputs of ambient temperature
and wind speed. This model, based on an energy balance approach similar to the PVSyst model, incorporates
parameters related to both front and rear irradiances, as illustrated in Equation W{.1.

Ubit (Thit — Tamb) = @(Gr + Gr)(1 — Mpir) (4.1)

The thermal conductivity values (Upis or Umono) are critical parameters determined by the specific characteristics
of the front and rear glass, as well as the module’s installation method.

In another significant study, [26] designed an equivalent thermal circuit to represent bPV modules, defining an
equivalent thermal resistance for every layer. By solving a system of five equations, showed in lEqs. (4.2)| to 4.6)|,
the model calculates the temperatures across these layers using inputs such as front and rear irradiances, as
well as ambient temperature.

T, Tevai— Ty Ty~ Ta Ty~ Tagy

d
C, .0, Ap,—2 = a,GpA + 4.2
pele e dt e REVAl-g Rconv,g Rrad,g ( )
dT; Ty — T; T; — T,
CppvadpvaAppva — oyt =~ ——EVAL _ ZDYAL Cs (4.3)
dt Rpv_gvai Revaig
dT; Tpv — 1 Ty — T
prpvévapPVﬁ (G A — Poy) — pv —Tevar  Tpv — Trva2 (4.4)
dt Rpv.Eval Rpv.Eva2
dT; Ty — T; T — T
CoEvadEvA Aprya — e = L ——EVAZ _ ZEVAZ e (4.5)
dt Rpv.gvaz Revazg
dTr TEVA2 - Tr Tr - Ta Tr - T rd
Cp o0y Ap, —2 = a,GrA £ _ I8 R S 4.6
pgeife dt YR i REVAl—rg Rconv,rg Rrad,rg ( )
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The parameters used in the equations are defined as follows: C}, denotes specific heat, § represents thickness, p
stands for density, 7 signifies transitivity, a indicates absorptivity, Gg and Gr denote front and rear irradiances
respectively, G, represents received irradiance (sum of front and rear irradiances), A denotes area, T stands for
temperature, and t represents time.

Subscripts denote specific materials: g refers to glass (front glass as g, rear glass as rg), EVA denotes encapsulant
(upper EVA as EVA1, lower EVA as EVA2), and PV corrrespond to photovolaic cells.

Thermal resistances (R) are categorized into radiative, convective, and conductive types. Radiative resistances
occur only in external layers, such as glass, and are calculated using Equation @.7.

1

—_— 4.
hrad,xA ( 7)

Rrad,x =

Here, x can represent g or rg for front and rear glass respectively, where h;,qx denotes the radiative heat
coefficient specific to each surface, as defined by [Egs. (4.8) and {(4.9).

hradg = €50 (T + T3) (Tacy + Ty) (4.8)
hrad,rg = 6gU(Tg2rd + Tr2g)(Tgrd + Tig) (4.9)

Convective resistances also occur in external layers and are defined by [Eq. (4.10).

1

Rconv,g = Rconvmg = n (410)

conv,xA

The convective heat transfer coefficient hconyx for both front (g) and rear (rg) glasses is given by Eq. (4.11).

hconv,g = hconv,rg =2.843.0u (411)

Finally, conduction occurs between adjacent layers, resulting in conductive thermal resistances defined by
Fq. (4.12).

5 5,
Bii = ona T an A,

(4.12)

Where subscripts i and j refer to the layers, as exemplified in with Rgvai-g, representing the thermal
resistance between EVA1 and front glass. Here, A denotes the thermal conductivity of the respective layers.

A widely used thermal model, proposed by Faiman [67], establishes a linear correlation between irradiance and
module temperature, expressed in .

Gpoa
Trod = Tam _ 4.13
od amb T UO T Ul u ( )

Where Ti04 is the module temperature, T, is the ambient temperature, Gpoa is the irradiance in the plane of
array, Uy is a constant heat transfer component, U; is the convective heat transfer component, and u represents
the wind speed.

Studies evaluating Faiman’s thermal model in the context of bifacial devices [68, 9] have demonstrated its
effectiveness in various applications.

39



4.2.2 Electrical model

Electrical models for photovoltaic (PV) devices have been extensively developed, primarily for monofacial mod-
ules. These models typically include approaches such as the single-diode and double-diode models, both based
on equivalent electrical circuits comprising a current source, one or two diodes in parallel (depending on the
model), a shunt resistance, and a series resistance. The single-diode model is widely adopted in literature due to
its simplicity in parameter estimation, whereas the double-diode model offers improved accuracy, particularly
under low irradiance conditions [23].

For bPV devices, researchers have employed various strategies to capture bifacial behavior. A common approach
involves integrating two current sources into the base model, one for each side, whether employing a single-diode
or double-diode framework [24, B4, 26, B3]. Other representations include dual branches in parallel, often based
on the single-diode model [27, 25]. The fundamental equations for both models are presented in
and [(4.15 i

(4.14)

v Iv' S Vv Iv' S
Ipv = Ph’f+Iph,r — IS |:exp (W> — 1:| — M

Ng-Vi-n R

Vov + Iy - R Vov + Iy - Ry Vov + Iy - R
Ipv: ph,f+Iph,r*Isl |:eXp (w> ]-:| — 1s2 |:eXp <I;VV{)’I7,2) ]-:| *% (415)

Bifacial electrical modeling has been approached from various angles in research. One perspective involves direct
IV curve analysis, as explored by [34]. This study introduces modifications to both single-diode and double-
diode models by incorporating a new series resistance scaled by a bifacial factor. The findings suggest that the
proposed model enhances accuracy and effectiveness across different operational conditions.

Another significant approach examines bPV performance through power generation analysis, exemplified in [35].
Here, arrays of bifacial modules were evaluated under varying albedos using measurements of climate parameters
(solar irradiance, temperature, humidity, wind speed) and electrical parameters (voltage, current). This data
facilitated the calculation of DC power output throughout extended periods. Similarly, [53] calculated maximum
power considering escalation in irradiance and temperature, described by

(Gy + ¢GRr)

o [1+~(T, — 25)] (4.16)

Pmax = Pmax,ref

Their evaluation considered various background albedos, concluding that cement can increase production but
exhibits poorer performance compared to materials like DQ waterproof roll.

In [B3], a comprehensive approach was taken using a double-diode model integrated with optical and thermal
models to predict the DC output of bifacial modules. Key inputs to the model include Global Horizontal
Irradiance (GHI), Diffuse Horizontal Irradiance (DHI), ambient temperature T,, and wind speed u. To accurately
represent the bifacial behavior, the authors proposed an extended parameter set including Iy, Is1, Is2 and Ry,
detailed in Eiqs. (4.17) and [(4.18).

IF,SCGF + IR,SCGR

It = 4.1
s Gstc (4.17)
XrGr + XrGr
X=— 4.18
Gr + Gr ( )

4.3 Proposed model

An electrical and thermal model are employed and optimized to predict the power output of a vertically oriented
bifacial module facing east-west. The electrical model’s validation includes indoor measurements of IV curves
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and its application to calculate the module’s power output under real conditions. Meanwhile, the thermal model’s
accuracy is evaluated through direct comparison with experimental data. Additionally, irradiance estimation is
performed using Bifacial Radiance software [[70].

4.3.1 Electrical model

Regarding the electrical model, it is based in the single diode model, as shown in .

CT Iph,eq :: Rsh,eq§ V})v

Iyy

Figure 4.1: Single diode model adapted for bifacial PV devices.

One challenge in applying the electrical bifacial model is accurately estimating its five key parameters: Ipp eq,
n, Is, Rs and Rgy.

To determine these parameters, IV curves are traced under Standard Test Conditions (STC), and four critical
points are extracted: Iss, Impp, Voc and Vimpp, for both the front and rear sides of the module. These values
serve as input for parameter estimation using a W-Lambert function. The estimation process yields a total of
10 parameters, with 5 corresponding to each side. This approach aims to obtain equivalent parameters required
for the model.

(Iphf -Ge+ Iph,r . Gr) o

Ipthq = Gstc + m : (Tk - Trcf) (419)
(Iot - Gi+ Loy -Gy) [ Tk \° q-Eg 1 1
Lseq =" ’ : : — - = 4.20
< Gi+ G, Tref) P\ % Tref Tk (4.20)
Ry¢-Gi+ Ry, - G
Rs,eq = ot fG+ : = (4.21)
stc
Rs -G Rs r’ Gr
Rupoq = —2 fG+ L (4.22)
stc
neq = MG+ - Gy (4.23)

Gf+Gr

This parameter treatment is derived from proposals by Janssen et al. [33] and Gu et al. [26]. It involves rescaling
parameters as suggested by Janssen et al., along with implementing Gu’s temperature correction for Is.

4.3.2 Thermal model

Two thermal models are applied to simulate the temperatures on the module’s surface. The first model follows
Gu et al’s formulation, detailed in [Egs. (4.2) to [4.6). Adjustments are made considering the module’s orientation
and setup, particularly in relation to ground and sky temperatures. Since the module is vertically oriented, both
sky and ground temperatures are approximated as ambient temperature, as expressed in .
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Tsky = Tground = Tambient (424)

Because the equations are time-dependent, initial conditions and a stabilization time are required. Given that
Bifacial Radiance provides hourly data, initial temperatures at each point are set to the last recorded temper-
ature, with a stabilization time of 3600 seconds.

The second model utilized is Faiman’s proposal, as previously defined in Equation . The coefficients Uy and
U, are estimated through empirical linear regression, where the y-axis is Gpoa /(Tamb — Tmod) and the x-axis is
wind speed. Using continuous monitoring data, empirical regression is applied to estimate these coefficients.

Regarding G'poa, it is calculated as the sum of frontal and rear irradiances, as described in .

Gpoa = G+ G, (4.25)

4.4 Methodology

4.4.1 Setup

Two main tests are conducted to evaluate the proposed model. The first test is conducted under indoor conditions
using an A+A+A+ Sun Simulator, which enables the tracing of IV curves under controlled irradiance and
temperature settings. The second test takes place outdoors using a vertically oriented module facing east-west.

4.4.1.a Bifacial modules

presents the modules used for indoor and outdoor IV curve tracing. All modules are from PERC+
technology and are evaluated in the indoor setup. Specifically, the Risen module is assessed in both indoor and
outdoor environments.

Table 4.1: Modules for indoor IV curve tracing and outdoor monitoring and their respective datasheet
parameters.

Manufacturer Model Technology Prax (W) I (A)  Voe (V) Impp (A)  Vinpp (V) Test
Trina TSM-DEG18MC.20(I1I) PERC+H+ 490 12.05  51.10 11.45 42.80 Indoor
SunPower SPR-P6-500-COM-S-BF PERC+ 500 14.71 43.20 13.82 36.20 Indoor
Risen RSM72-6-370-BMDG ~ PERC+ 370 990 4815  9.35 39.60 Indoor
Outdoor

4.4.1.b Indoor setup

The IV curves are measured using an A+A+A+ Sun Simulator, as depicted in acial illumination is

achieved by employing a 90% reflective film on the rear face of the bifacial module [Fig

In this experimental setup, irradiance on both the front and rear sides of a solar module is measured. The
frontal irradiance is controlled using the Sun Simulator software and monitored with a dedicated cell. For the
rear irradiance, light is reflected off a reflective surface and measured using a reference cell.

The measurement process consists of two stages. In the first stage, irradiance is measured at various points across
the module to determine the irradiance non-uniformity. The module’s surface is divided into nine sections, with
the reference cell positioned in each section to capture variations in irradiance due to the reflected light. This
stage helps identify the minimum level of irradiance on the module, which is used to adjust the model applied
afterward.
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Figure 4.3: Sun simulator with elevated cabin and a reflective film in its surface.

In the second stage, the reference cell is moved outside the module to trace the IV curve. This repositioning
helps avoid any shading effects caused by the measurement device. Additionally, temperature is measured using
an infrared (IR) sensor to account for its impact on the readings.

4.4.1.c Outdoor setup

In this case the Risen module is installed in a vertical configuration with east-west orientation, as depicted in
ﬂi. 4.4.

Electrical variables and ambient conditions are monitored using a Campbell Granite 6 data logger. Current
is measured with a shunt resistor, while voltage is measured using a voltage divider setup, as illustrated in
_Fié. 4.5. Ambient conditions are monitored with a Campbell Pt-1000 Class A, Back-of-Module Temperature
Sensor positioned at the center of the rear surface, with wiring covering less than 10% of the cell area, adhering to
recommendations for bifacial modules outlined in the standard TEC 61724-1 [[71]. Irradiance levels are measured
with four pyranometers positioned at the top and bottom of both frontal and rear surfaces of the module, as
depicted in ‘. Additionally, a meteorological station located in the same area as the setup registers GHI,
DHI, DNI, wind speed, ambient temperature, UVA, and UVB radiations.

The evaluated data spans from January 24th to March 19th, covering a total of eight weeks.
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Figure 4.4: Outdoor setup (left) vertical module oriented east-west and (right) close-up of temperature
sensor and pyranometers installed on the rear surface.
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Figure 4.6: Four pyranometers for frontal and rear irradiance measurement.

4.4.2 Data processing

4.4.2.a Indoor measurements

IV curves obtained from the indoor sun simulator under STC conditions for each side of the module are used
to extract key values: Isc, Voc, Impp, and Vipp for both the frontal and rear sides of each module. The same
procedure is repeated with the raised cabin setup, illuminating both sides of the module.

Using these key values, the W-Lambert function is applied to estimate parameters for the Single-Diode Model
(SDM), resulting in the following data:
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o Frontal estimated parameters: Ipn ¢, Lo, Rsf, Rsht, Nt

o Rear estimated parameters: Ipn;, lor, Rsry Bshyrs Nr

« Bifacial illumination estimated parameters: Ipn b, lob, Bsb, Bshbs Nb

Using the data obtained from each side of the module, the proposed model is applied to generate IV curves. These
generated IV curves are then compared against IV _curves generated using the estimated bifacial parameters
and direct experimental IV curves, as depicted in .

Frontal STC
measurement

Iph,f, |sf,
Rsh’f, RS’f and n¢

|sc,f, Voc,f7
Impp,f and Vimpp ¢

Rear STC
measurement

Bifacial illumination
measurement

W-Lambert function
parameter extraction

|ph,ry |s,r,
Ren,r, Rgrand np

|sc,r1 Voc,ry
Impp,rand Vimpp,r

Proposed model Iph,eq: Is,eq: Rsh.eq; /
application Rseq and neq /
Isc,b, Voc,bs W-Lambert function

|mpp,b and Vmpp,b parameter extraction

Iph,by |sb,

Ren.b, Rsb and np IV curve tracing

Figure 4.7: Indoor data processing explanation scheme.

4.4.2.b Outdoor measurements

Irradiance estimation

The first step involves irradiance estimation using Bifacial Radiance [[70] software. This software utilizes
Typical Meteorological Year (TMY) data along with installation specifics such as module size, orientation,
albedo, date, and location coordinates. It calculates the irradiance incident on the module from both the
frontal and rear sides at various points across its surface. The data used to recreate the module features
are: latitude -33.49, longitude -70.62, 90° inclination, and 90° azimuth.

The estimated irradiances are compared with experimentally measured irradiances. It was observed that
the software tends to underestimate the actual values. Therefore, a correction factor is empirically esti-
mated to achieve more accurate irradiance estimates. This correction factor is determined by minimizing
the squared error between the estimated and measured results and is applied to all the data. Since the
curves for frontal and rear pyranometers differ, two correction factors are determined to minimize the
squared error for each side.

Estimated irradiances from the software are defined at specific points on the test module. To compare
these estimations with real data, the same locations are used, namely, the top and bottom of the module
for both the frontal and rear sides, each located at the center of the module.

Once the estimated irradiances are obtained, the minimum value for each side of the module is used in
the thermal and electrical models. This consideration is made because the short circuit current is limited
by irradiance.

Thermal model
The thermal model is applied using two different approaches:
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1. Gu’s Model: This model utilizes a system of five differential equations to estimate the temperatures
in each layer of the module.

2. Faiman’s Model: This model employs a linear fit to estimate the temperature.

Both models take ambient temperature, irradiance, and wind speed as inputs. An error analysis is con-
ducted by comparing the estimated temperatures from both models with the actual measured tempera-
tures.

¢ Electrical model

Finally, the estimated irradiance and temperature are used as inputs to an electrical model. This model
also incorporates parameters estimated from indoor Standard Test Condition (STC) characterization.
Using this data, the power output is estimated and then compared with the real measured power output.

All the processes are described in .

Frontal and rear
irradiances

TMY meteorological

Bifacial Radiance
data

Estimated frontal and rear
irradiances

Directly measured | Determination of
irradiances ”| correction factors

-

Directly measured
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7 Teva2, Trg

Gu thermal model v

Wind speed
Real measured

sy

temperatures
Ambient comparison
temperature Faiman thermal T
m
model
v
Estimated

temperature

Proposed electrical

model Power output

'
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output power
comparison

Directly measured

Y

power output

Figure 4.8: Oudoor data processing explanation scheme.

4.5 Results and discussion

4.5.1 Irradiances

Using meteorological data, irradiances are estimated with Bifacial Radiance software, resulting in hourly res-
olution data. The correction factors, determined as mentioned in Eection 4.4.2.&, are 1.16 for the front side
and 1.07 for the rear side. These factors are applied to generate |Fig. 4.g, which corresponds to the 5th week of
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collected data. This specific range is chosen because February 22nd was a rainy day, resulting in significantly
lower irradiances compared to the other days under monitoring.
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Figure 4.9: Measured and modeled irradiances using Bifacial Radiance after applying the correction
factor.

The results clearly demonstrate how irradiance varies on each side of the module based on its orientation. The
front side reaches its peak irradiance in the morning, while the rear side peaks in the evening. Around midday,
the module experiences the lowest irradiance values on a sunny day.

However, due to the hourly resolution of the data, the model does not capture irradiance variations caused by
clouds, like the observed on February 23rd and 24th. This limitation is important to consider when evaluating
both electrical and thermal models.

On February 22nd, the irradiance estimation appears to be accurate, indicating no significant issues.

It is important to note that the data only includes sunlight hours, approximately from 7 AM to 9 PM. This
is why interpolation lines appear during the night in the irradiance plot, as no data is recorded during these
hours.

To analvze the behavior of the module over the complete measurement period, an error analysis is performed.
shows the RMSE calculated for each sensor located on the module. The error for frontal and rear
irradiances varies depending on the time of day. Frontal irradiance shows higher errors until 12 PM, while
rear irradiance shows higher errors from 4 PM onwards. Between 1 PM and 3 PM, the errors are more evenly
distributed. During extreme hours, each side of the irradiance estimation tends to have higher RMSE for the
lower pyranometer. This behavior could be explained by the overestimation of irradiance at the beginning of
the day, as seen in , which is primarily affected by the shadowing effect of mountains to the east and
west.

4.5.2 Thermal model

Gu and Faiman models are implemented using irradiances, wind speed and ambient temperature as input. The
resulting temperatures are shown in which utilizes the same period for estimation as the irradiance
model. This allows for an in-depth analysis of its performance, particularly under varying irradiance conditions
such as those on rainy days, where irradiance is low.

It has been observed that Gu model tends to underestimate temperatures in these conditions. When irradiance
levels are higher, the comparison between models becomes less straightforward. Hence, both models were eval-
uated against experimental data using RMSE, as depicted in |@ ié. 4.12. Notably, based on average irradiance
levels, Gu model exhibits superior performance at higher irradiances.
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Figure 4.10: RMSE analysis across five time periods each day.
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Figure 4.11: Estimated temperatures with Gu and Faiman models.

Since the thermal model utilizes three inputs—ambient temperature, wind speed, and irradiance—the same
error analysis performed for irradiance is also conducted for ambient temperature and wind speed, as shown in
Figs. 4.13 and . For ambient temperature, the dependence of RMSE seems to be significant, similar to the
results observed with irradiance. However, wind speed does not show a clear correlation with RMSE based on
the presented models and is therefore excluded from further analysis.

To determine which variable should be used in the model, a cut-off value for irradiance and temperature is
calculated, and for each, the cumulative squared error is obtained. The results show a squared cumulative error
of 4532.23 when using irradiance, 6049.04 when using temperature, and 6795.93 when using wind speed. Clearly,
the best results are obtained when the cut-off value is applied to irradiance.

Given Gu’s superior performance under higher irradiances and Faiman’s effectiveness under lower irradiances,
a hybrid model is proposed that combines their strengths, as defined in |[Eq. (4.26).

T imany fG 350 W —2
Tmod = { Fapma ' POA S m (426)

T, if Gpoa > 350 Wm 2

The resulting temperatures adjusted accordingly are illustrated in .
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Figure 4.12: Relation between weekly RMSE for thermal model and irradiances.
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Figure 4.13: Relation between weekly RMSE for thermal model and ambient temperatures.
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Figure 4.14: Relation between weekly RMSE for thermal model and wind speed.

The application of the hybrid model significantly improves the precision of both high and low estimated tem-
peratures compared to experimental data, and allow to estimate at with the minimum RMSE value, as seen in
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Figure 4.15: Estimated temperatures applying Gu and Faiman models with proposed irradiance cri-
teria.

, where the worst case is 4.13°C in the third week using Gu thermal model.

4.5.3 Electrical model

The electrical model is evaluated using two sets of data: the first consists of direct IV curves traced using a sun
simulator, while the second involves continuous monitoring of power output.

4.5.3.a Indoor IV curves

Each module listed in undergoes four parameter estimations: separately for the front and rear sides, for
the bifacial configuration, and according to the proposed model. The first three cases involve direct evaluation of
experimental IV curves to extract their five SDM parameters. In contrast, the proposed model uses
to to estimate equivalent parameters, as detailed in .

Applying the calculated parameters for bifacial direct extraction and the proposed model, IV curves were
generated and compared with experimental IV curves, as shown in to . Analysis of the percent
error reveals a slight step in both IV curves due to partial shadowing from frames and junction boxes at the
rear of the module. This behavior tends to slightly underestimate the maximum power point, with errors not
exceeding 3%. In the open-circuit voltage region, the difference between modeled and experimental values is
also minor, with a maximum error of 6%. This is noteworthy considering the steepness of this region, where
errors could easily escalate. The SunPower module exhibits the highest error, yet the modeled value approaches
zero at the maximum power point.

At this stage, decisions regarding the model’s application are crucial. Since the goal of modeling is to estimate
module or array production accurately, precise estimation of the maximum power point is important. In this
context, all cases demonstrate good performance at this critical point.

4.5.3.b Outdoor power output monitoring

Once the irradiance and thermal models are properly configured, the proposed electrical model utilizes the
calculated inputs of irradiance and temperature to predict power output, as illustrated in .

The selected dates for demonstration coincide with those used for the irradiance and thermal models, ensuring
evaluation during rainy days with low irradiances.
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Table 4.2: Estimated parameters for each side of modules at STC conditions, the direct estimation
with real IV curve and obtained parameters applying the proposed electrical model.

Ion (A) Lo (A) R () Ra () n ()

Frontal side 9.791 9.832¢-07 0.1452 inf 1.614
Ri Rear side 6.537 9.772e-07 0.0000 503.610 1.631
1sen Bifacial 10.594  8.984e-07 0.1415 inf 1.617
Proposed 10.635  9.576e-07 0.1452 inf 1.616
Frontal side 14.756  1.188¢-06 0.0134 inf 1.431
SunP Rear side 9.526 8.744e-06 0.0000 23.864 1.440
HHEOWEE ™ Bifacial 15.543  1.234e-06 0.0200 inf 1.430
Proposed 15.594 1.163e-06 0.0133 inf 1.432
Frontal side 12.102  8.667¢-08 0.0746 inf 1.499
Trina Rear side 8.471 9.017¢-08 0.0922 inf 1.501
Bifacial 12.979 8.508¢-08 0.0601 inf 1.500
Proposed 12.810  8.338e-08 0.0822 inf 1.500
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Figure 4.16: (left) IV curves traced in indoor sun simulator, SDM using direct parameter extraction
and proposed model for Risen module and (right) percent error for direct parameter extraction and
proposed model compared with experimental data. In both cases the maximum power point is indi-
cated.

To see the principal differences between real data and the model, a close up is made in February 27th, as seen
in

Different behaviors are observed depending on the time of day when the curves are compared. This pattern,
as shown in [Fig. 4.19, occurs consistently across all days of the week. Therefore, the day is divided into five
periods, and the RMSE is evaluated for each period across all the data.

From a pattern can be seen for the first period, from 7 to 9 am. Considering the main error in irradiance
estimation, it is coherent that the error appears in the power estimation. However, the periods from 13-15 and
16-18 do not have high errors compared to the irradiance estimation behavior. Due to the composition of the
rear side of the module, shadows cast by the frame occur from midday to evening, significantly reducing the
effective irradiance reaching the module and thereby limiting power production.

Finally, to avoid the effect of estimation errors, direct measurements of irradiance and temperature are used as
inputs, replacing the previously estimated data. This results in the estimated maximum power output depicted
in. Compared to the previous power estimation, the power in the morning is estimated more accurately,
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Figure 4.17: (left) IV curves traced in indoor sun simulator, SDM using direct parameter extraction
and proposed model for SunPower module and (right) percent error for direct parameter extraction

and proposed model compared with experimental data. In both cases the maximum power point is
indicated.
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Figure 4.18: (left) IV curves traced in indoor sun simulator, SDM using direct parameter extraction
and proposed model for Trina module and (right) percent error for direct parameter extraction and

proposed model compared with experimental data. In both cases the maximum power point is indi-
cated.

as evidenced by , which shows a decrease in error during the early hours of the day. However, the error

in the evening often exceeds the error during the rest of the day, just as it happened before, indicating a behavior
related to framing and shadowing effects.

4.6 Conclusions

A methodology for implementing an electrical-thermal model was proposed. This methodology involves using
Bifacial Radiance software for estimating irradiances, developing a hybrid thermal model based on two existing
literature models, and proposing a new method for bifacial parameter estimation to derive IV curves. With

estimated irradiances and temperatures, the electrical model was used to predict power output in a real outdoor
configuration.

To evaluate the performance of each estimation, an error analysis was conducted. It was found that the irradiance
estimation tends to underestimate the actual values. Therefore, based on empirical data, two correction factors
were determined and applied to all data series, even at lower irradiances.

Regarding the thermal model, it was observed that the Gu thermal model performs well under high irradiances
but encounters challenges at lower levels. This led to its integration with the Faiman model to form a hybrid
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Figure 4.19: Estimated maximum power output applying the proposed model and with estimated
irradiances and temperatures as input. The estimation is compared with the real measured power

output.
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Figure 4.20: Estimated maximum power output for February 27th.

approach. This integration identified an optimal irradiance value of 260 Wm ™2, where Faiman model exhibits
superior performance. A cumulative squared error analysis revealed that ambient temperature and wind speed
do not reduce the error as effectively as irradiance, with the cumulative squared error being 4532.23.

The proposed electrical model demonstrated outstanding accuracy in indoor measurements, with maximum
current errors of approximately 3% at the maximum power point, a critical value for outdoor evaluations.
However, in real outdoor conditions, various phenomena significantly affect results, including reflections, clouds,
and notably, shadows cast by the module frames on the rear side. This effect was confirmed when directly
measured irradiances and temperatures were used as input in the electrical model, where the error in power
estimation increased during the evenings. This behavior leads to the conclusion that the vertical orientation of

the module amplifies the frame’s effect.

The proposed model includes three estimations: irradiance, temperature, and power. Irradiance is solely de-
pendent on measured values of ambient conditions, while temperature is influenced by irradiance, ambient
temperature, and wind speed. This dependency on irradiance conditions the model, as the estimated irradiance
has an hourly resolution. Consequently, the electrical model, which relies on both irradiance and temperature,
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Figure 4.21: RMSE for power estimation in each defined period.
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Figure 4.22: Estimated maximum power output applying the proposed model and with measured
irradiances and temperatures as input. The estimation is compared with the real measured power
output.

also produces power output with an hourly resolution.

This resolution is adequate for estimating peak hours of production but is insufficient for capturing short-term
events, such as those occurring on a minute-by-minute basis. Additionally, the model cannot account for certain
effects, like shadows during the morning or evening, leading to RMSE values reaching up to 170W in the worst
cases.

It is recommended to adjust the model to the specific location, taking into account the effects of buildings and
local geography for better results. When the electrical model is applied to the measured irradiance and tem-
perature conditions, the errors are more uniform. The peak production during the morning is well represented,
with typical RMSE values around 10-30W for most weeks. The worst case occurred in the 6th week, reaching
75W. In contrast, the evenings consistently show RMSE values exceeding 50W during peak production, an effect
attributable to shadowing on the rear side of the module.
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Figure 4.23: RMSE for power estimation in each defined period when measured temperatures and
irradiances are used as input.
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Chapter 5

General conclusions

The proposed electrical-thermal model for bifacial photovoltaic (bPV) modules followed a structured approach
to address the significant research gap in bifacial electrical and thermal modeling. A thorough review of ex-
isting literature underscored the insufficient validation methods typically relying on simulations or continuous
monitoring data without direct IV curve validation. This review also identified promising proposals from other
researchers that could be refined for more accurate estimation errors. Additionally, the review emphasized the
importance of characterization, measurement, and validation in the modeling process, as these steps provide
critical parameters for subsequent analysis.

The literature review revealed that several electrical characterization methods involve single-sided measurements
with the the other side covered. However, some setups illuminate both sides using arrangements that reflect light
onto the rear side of the module. Both approaches were employed to obtain IV curves for different analytical
purposes and were applied to indoor IV characterization using the TCLF sun simulator.

Single-sided measurements were conducted in a closed cabin to prevent light reflection and rear-side illumination.
In contrast, double-sided measurements utilized a raised cabin with reflective paper on the rear side of the
module. This method was evaluated by measuring irradiance at various locations on the module’s rear side,
revealing significant irradiance non-uniformity. Due to the variable irradiance levels observed, it was proposed
to use the minimum value because of its dependence on I.

Based on the state of the art, two methods were employed to obtain IV curves under controlled indoor conditions.
The first method involved single-sided measurements with the other side covered. These measurements allowed
for the separate analysis of each side’s IV curve, revealing that frames and junction boxes often cause shadowing,
which introduces steps in the IV curve. This phenomenon also affects electrical parameters such as V.; when
frame shadowing is more evident, a reduction in this parameters is observed in the rear side IV curve. These
single-sided measurements were crucial for extracting key parameters necessary for model estimation, including
Isc, Voc, Tmpp, and Vinpp. Using these experimentally derived parameters significantly minimized estimation
errors, offering a more accurate representation than relying solely on datasheet values during the subsequent
model evaluation.

The second method involved double-sided measurements, which provided insights into the module’s response
to light exposure when both sides are illuminated. As expected, this approach increased I, levels compared to
single-sided illumination and also presented the steps previously observed in the rear side’s IV curve.

Evaluation of literature models were applied to the IV curves of both types of data, from single and double
sided illumination. For double sided illumination, the single diode model proposed by Gu et al. performed most
effectively for all the studied modules, with current errors near to 20% in the worst case, whereas the parallel
single diode model proposed by Bhang et al. exhibited poorer performance, reaching errors reaching 140% in the
worst case, showing that this model can not estimate maximum power point or V. correctly. The double diode
model by Janssen et al. showed challenges in accurate estimation, particularly affecting the open circuit voltage
estimation. The principal issues with this method are the forcing of some parameters as ideality coefficients.
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Based on insights from Gu and Janssen’s electrical model proposals, an approximation was developed that
integrated Janssen’s rescaling concept with Gu’s correction to the diode saturation current. This hybrid model
was applied to indoor IV curves under double-sided illumination and an outdoor arrangement consisting of a
vertical bPV module with an east-west orientation.

Hybrid thermal models were also proposed and applied in the context of continuous outdoor monitoring. These
models combine the strengths of two existing models to address varying irradiance levels. Specifically, the
integration of Gu and Faiman models showed that Gu’s model was more effective under irradiances exceeding
260 W/m?.

Additionally, irradiance estimation was performed using Bifacial Radiance software, which was evaluated with
outdoor data using meteorological inputs. Error analysis revealed issues with irradiance estimation during
morning and evening hours, likely due to shadowing effects impacting the installation. This, in turn, affected
electrical estimations during continuous monitoring.

When the electrical model was evaluated solely with measured data, higher estimation errors were observed
after midday, indicating that the effect of frame shadowing significantly impacts power production. This com-
prehensive analysis underscores the importance of accounting for various environmental and structural factors
to improve the accuracy of bPV module performance models.
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