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ARTICLE INFO ABSTRACT

Keywords: The photovoltaic industry has flourished with the increasing importance of the new energy industry. However,
Shaded solar cell partial shading can cause a decrease in the output power and abnormal temperature rise of photovoltaic module.
Temperature

Currently, there is little research and explanation on the mechanism of the impact of shading on temperature and
output power of individual solar cells in photovoltaic modules. This study investigates the temperature and
power variations resulting from shading on individual solar cells at different ranges within series-connected
photovoltaic modules through experiments and simulation models. Based on the experimental and simulation
results, it was found that small-area shading has minimal impact on the temperature and power of photovoltaic
modules. However, a sudden change in temperature and power occurs at 25% shading due to current mismatch
and reverse bias voltage in the solar cells. The temperature reaches its maximum value at 40% shading, but starts
to decrease when the shading range exceeds 60%, attributed to a decrease in Joule heat generated by the shaded
cells. Eventually, the shaded cell acts as a high-resistance resistor in the circuit, hindering the flow of current.
This study provides valuable insights into the shading effects on series-connected solar cells with an external

Reverse bias
Multi-physics simulation
Power

constant current load, which can be useful for related research in this field.

1. Introduction

In recent years, with the increased emphasis on environmental pro-
tection in human society, solar energy have been increasingly used as a
green and clean energy source in various fields [3]. In order to meet
voltage requirements, multiple solar cells are often connected in series
to form a module. The module operates at its optimal state when the
series cells have matched electrical properties [1,16]. However, special
attention needs to be paid to the current mismatch caused by shading, as
the reverse bias caused by shading has adverse effects on the entire
module [23,25].

In practical use, external factors such as vegetation, fallen leaves,
snow, clouds, stains, dust, etc. [19] can shade the sunlight that falls on
solar cells. The shaded cells generate a current that is smaller than their
normal operating current [31], causing the other series-connected un-
shaded cells to provide reverse bias voltage to the shaded cells [7]. This
is because the photocurrent from the unshaded cells flows through the
shaded cells, leading to power dissipation and abnormal increase in the
temperature of the cell [29]. The localized heating caused by partial
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shading can potentially raise the cell temperature above the upper limit
of the packaging material, resulting in detrimental effects on the solar
cell encapsulation structure and even irreversible damage to the cell
itself [14]. Therefore, understanding the operating characteristics of
solar cells under different shading conditions and the changes in current
and voltage in their respective modules is crucial for evaluating the
electrical and thermal performance, estimating the service life and
developing the maintenance schedule of the solar arrays in their
applications.

Over the past few years, research on shading in solar photovoltaic
modules mainly focuses on changes in the output characteristics of the
modules [2,9],power losses [17,20], abnormal temperature distribution
patterns [30], and improvements in bypass diodes [21]. Magdaleno
et al. [18] conducted a comprehensive analysis on partial shading of
solar cell. They designed a shading scenario to represent real-life
shading situations, where shadows covered multiple cells in different
bypass diode protection segments, resulting in a significant decrease in
array power output. In the worst-case scenario, this shading scenario
caused power losses of up to 70 %. Sharma et al. [26] conducted shade
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testing experiments on three types of solar cell modules: mono-
crystalline, polycrystalline, and heterojunction intrinsic thin-layer (HIT)
cells. The study showed that if solar cells are partially shaded, they can
experience reverse bias destruction. A large number of cells in a module
can provide the driving force for reverse breakdown, resulting in high
temperatures, high current density, and high encapsulation materials,
which ultimately reduce the performance of the solar module. [13 ]
conducted thermal modeling of photovoltaic cells. Under shading con-
ditions, the cells may undergo a rapid temperature rise process (referred
to as the hotspot phenomenon), which reduces the provided power. The
conclusions drawn from this model were unexpected, as partially shaded
photovoltaic cells entered the hotspot environment faster than fully
shaded cells, providing useful insights for photovoltaic array design. For
instance, an array composed of smaller cells may outperform an array
composed of larger cells.

In a separate study, Clement et al. [4] conducted shade testing ex-
periments on tiled solar cells, where the cells were subjected to shading
under constant current and short-circuit operating modes. Temperature
measurements of the cells under different shading areas were carried out
using thermal imaging. As the shading area increased, the temperature
of the cells gradually rose. At 60 % shading area, the temperature
reached a maximum of 145°C. However, with further increase in
shading area, the temperature gradually decreased.

Currently, most of the research on shading in solar cells tends to
focus on partial shading of the entire solar cell module, with the main
emphasis on overall power loss and high-temperature conditions. There
is, however, a lack of research on the reverse bias voltage and temper-
ature rise characteristics of individual solar cells under shading
conditions.

Vumbugwa et al. [28] conducted a study on the shading of individual
cells in photovoltaic modules. The study suggests that under constant
current load conditions, the shaded cells can still generate some output
when biased with forward voltage. When biased with reverse voltage,
they consume energy and their temperature increases. The mismatch of
operating points for individual cells will affect the overall current and
voltage delivered by the module, thereby impacting the maximum
power point of the module. Nevertheless, this study did not further
explain the patterns and causes of abnormal temperature in single
shaded cells.

Under shading conditions, the dissipated power of the cell primarily
depends on the reverse I-V characteristics of the individual cell. In a
reverse bias state, even small currents may require a significant reverse
voltage, and high temperatures can still be generated without reverse
breakdown occurring [8], Several researchers have conducted experi-
mental and modeling studies on the reverse bias characteristics of cells
[5,15,32]. However, there are few studies that specifically explain the
specific impact of reverse bias voltage on abnormal heating of cells
under shading conditions.

This study utilized the semiconductor module and heat transfer
module in the COMSOL Multiphysics simulation software to establish a
finite element model of individual solar cells. The model considered the
reverse bias current and local shading, focusing on the semiconductor
mechanism of solar cells. Subsequently, this model was combined with
experimental data to elucidate the mechanisms underlying temperature
abnormalities.

This research contributes to further research on the temperature
anomalies of solar cells under partial shading conditions and the
development of corresponding mitigation strategies. This research
approach can be used to explore the relationship between reverse bias
voltage and temperature in photovoltaic modules in actual applications,
and to suppress excessively high temperatures through methods that
prevent excessive reverse bias voltage.

2. Modeling

The working principle of a monocrystalline silicon cell is based on a
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p-n junction diode, as shown in Fig. 1. After the formation of the p-n
junction, incident light generates excess electron-hole pairs in the diode.
The excess electrons and holes diffuse towards the central space charge
region and are separated by the built-in electric field present in the space
charge region. The photogenerated electron-hole pairs recombine with
each other at a finite rate [11].

COMSOL Multiphysics is a versatile simulation software for engi-
neering, manufacturing, and research. The software provides tools for
simulating a single physical field, flexibly coupling multiple physical
fields, as well as simulation App development and model management.
In order to simulate the operating temperature of the solar cell, a model
of the solar cell was created in COMSOL Multiphysics. Create the ge-
ometry required for each simulation and define the material properties
based on the values in the COMSOL material library and literature.

2.1. The process of semiconductor modeling

The semiconductor modeling process referenced the one-
dimensional silicon cell modeling process [22] and established a
three-dimensional silicon cell model based on it. The p-n junction is
formed by p-doping on the surface of the n-type silicon wafer.

The integral expression for the photocarrier generation rate can be
written as:

6) = [ apess - aiz)an @

where z represents the depth measured from the surface, 1 is the
wavelength, and a(1) is the absorption coefficient defined by the
following expression:

a(2) = drx(2) /A (2)

where x(4) is the imaginary part of the refractive index and ¢(?) is
the photon generation rate, defined as:

$(4) = (4/he) x F(2) 3

where F(4) represents the spectral irradiance, h is the Planck con-
stant, c is the speed of light. When studying shading conditions, the
photogeneration rate in the shaded area is set to zero.

The solution to the coupled Poisson equation and current continuity
equation is provided in the semiconductor module:

V(- e VV)=p @

where ¢ represents the vacuum permittivity, & is the relative
permittivity, p is the charge density, and V is the potential [24].

Electron and hole composite model choose Shockley-Read-Hall
composite model. Analytical doping of N-type is used in the model,
geometric doping of P-type is used on the lower surface, and the junction
depth is 0.25 pm.
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Fig. 1. Solar cell structure [11].
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2.2. Temperature modeling

There are two main impacts of shading on the hotspot temperature:
(1) an increase in the shaded area causes the shaded cells to further enter
reverse bias, resulting in a larger reverse bias voltage across the cell
terminals; (2) an increase in the shaded area reduces the illuminated
area, leading to a decrease in cell current and the size of the hotspot.
These two effects are negatively correlated and together influence the
development of the maximum hotspot temperature under partial
shading conditions [12].

Based on the main causes of temperature variation due to shading, a
thermal model is incorporated into the semiconductor model, assuming
convective heat exchange between the upper and lower surfaces of the
solar cell and the air, radiative heat transfer between the surface and the
environment, and internal heat conduction, as shown in Fig. 2. This can
be represented by the following equations [10]:

Q1 = Qconv + Oraa + Oar %)

where Q; is the total energy of incident solar radiation. Assuming that
the upper and lower surfaces of the cell are under natural convection
heat transfer conditions, Q.ony represents the heat loss due to convective
heat transfer with the surrounding atmosphere.

anv = h(T - Tamb)'A (6)

where h is the heat transfer coefficient, T is the temperature of cell,
Tamp is the temperature of surrounding air, and A is the surface area of
the cell.

Qrqq is the thermal radiation back to the surrounding air and is
described as:

Qa = e0(T* =T}, )A %)

where ¢ is the surface emissivity and o is the Stefan-Boltzmann
constant.

Qurrepresents the heat generated by solar energy cells as they absorb
solar energy and use it to heat up. And Heat is transferred through
conduction within the solar energy cells.

The main heat sources in the model come from solar radiation and
the Joule heat and non-radiative recombination heating of the semi-
conductor. The heat brought by solar radiation to the cell is generally
calculated based on the irradiance and the absorption coefficient of the
silicon cell. Considering an irradiance intensity of 1000 W/m"2 at AM
1.5, and a silicon material absorption efficiency of approximately 0.8 for
solar radiation, the boundary heat source in the model is set to 800 W/
m"2.

The heat effect of the semiconductor model is added as a generalized
heat source to the temperature model. Joule heat refers to the power
provided by the electric field per unit volume in the conducting medium,
which is consumed as heat in the resistor of the conducting medium. The
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formula can be written as:
0,=JE ®

where J is the current density vector and E is the electric field in-
tensity vector. Specifically, J primarily represents the movement of
charge carriers, while E is influenced by the voltage across the terminals
of the solar cell.

Non-radiative recombination refers to the recombination of energy
in ways other than through radiative photons. The calculation formula
for non-radiative recombination is:

Or = 0.5 x (e x Eg+3kT/) x (U, +U,) 9

where e represents elementary charge, Eg represents energy gap, k
represents Boltzmann constant, T; represents lattice temperature, U,
represents electron recombination rate, and U, represents hole recom-
bination rate. The carrier recombination model adopts the Shockley-
Read-Hall (SRH) model, where the recombination rates for electrons
and holes are assumed to be equal, expressed as:

U,=U,= (np - nlz)/(r,,(p +p1) +T/7(”+”1)) 10

where n and p represent the concentrations of electrons and holes, n;
is the square root of the product of the electron and hole concentrations
at equilibrium., 7, and 7, are the lifetimes of electrons and holes
respectively, and n; and p; represent the additional carrier concentra-
tions caused by surface states.

In order to simplify the model, assuming the area of the solar cell is
completely shaded with no irradiation.

2.3. Geometry and materials

In order to facilitate subsequent design experiments, the geometric
dimensions of the silicon wafer in the model are 158 mm x 39.5 mm,
with a thickness of 150 pm. When partitioning the grid, refining the
model grid in the thickness direction is beneficial for the calculation of
semiconductor models, as shown in Fig. 3. The material chosen is silicon
from the material library provided by the COMSOL Multiphysics, and
the material properties are shown in Table 1 [6]. The solar irradiance
spectrum and the silicon absorption spectrum are given as shown in
Fig. 4 and Fig. 5.

3. Experiment

This experiment uses a solar cell module consisting of six solar cells
connected in series as the research object. The I-V curve and P-V curve of
a single cell are shown in Fig. 6, with dimensions of 158 mm x 39.5 mm.
Measuring the electrical parameters of shaded and unshaded cells in the
module., as shown in Fig. 7. An external electronic load is connected to
the solar cell module to control its output. The electronic load is set to

Radiation heat transfer

Impressed voltage

Heat convection

Il

Semiconductor heat

I

I

Fig. 2. Illustration of heat transfer in a silicon solar cell.
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150pum

Fig. 3. Geometry and meshing.

Y. Hong et al.
Table 1
Material properties.
symbol property value unit
& relative dielectric constant 11.7 1
h heat conductivity coefficient 131 W/(m e K)
p density 2329 kg/m"3
Cp heat capacity at constant pressure 700 J/(kg ¢ K)
Tn Electron lifetime 10 us
T Hole lifetime 10 us
Eg band gap 1.12 A%
Pn electronic mobility 1450 cm™2/(V e s)
lp hole mobility 500 cm2/(V e 's)
€ surface emissivity 0.8 1

operate in a constant current mode of 2A, enabling the cells to operate
near their maximum power point. When the photocurrent generated by
the solar cell module is less than 2A, the electronic load no longer acts as
a limiting current, but rather functions as a small resistor in the circuit.
For the experiment, a xenon lamp is used as the light source to simulate

solar irradiation, with an irradiance of 1000 W/m"2. The temperature of
the solar cell module is measured using a thermal imaging camera [27],
and real-time irradiance is measured using an irradiance meter, as
shown in Fig. 8.

During the experiment, an opaque shield is used to cover the surface
of the solar cell, achieving the effect of shading. The shading direction
starts from the short side and gradually increases the shading range
along the long side.

4. Results and discussion
4.1. Experimental result

Thermal images of the solar cell were captured during the experi-
ment with different shading areas, as shown in Fig. 9. Cell data was
recorded after shading different areas and plotted on a chart. The
shading areas were normalized for analysis. In the experiment, the
temperature of the shaded cells changed with the variation in shading
area, while the temperature of the unshaded cells remained consistently

F(t) (W/m?/nm)

500 1000

1500 2000
t (nm)

Fig. 4. Solar spectrum [6].
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Fig. 5. Silicon absorption spectrum [6].
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Fig. 6. Test cell performance.

around 76 °C. The temperature obtained by the test is given in the
Table 2.

From Fig. 10, it can be observed that when the shading area is small
(shade area less than 10 %), the voltage of the shaded cell remains
relatively constant compared to the control group. This is because
shading mainly affects the short-circuit current of the cell’s I-V curve,
while having a minimal impact on the voltage. As the shading area

increases, the short-circuit current of the cell decreases significantly.
In the experiment, a constant current mode of 2A was used for the
electronic load. When the short-circuit current of the shaded cell is
greater than the set operating current, the cell can still operate at a
forward bias voltage, but with a slight difference in voltage compared to
the other unshaded cells. When the shading reaches a certain degree,
approximately 25 % of the total area, the short-circuit current of the
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Fig. 7. Experimental design diagram.

Fig. 8. The solar cell module used for the experiment.
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shaded cell is insufficient to support the operating current. At this point,
a reverse bias voltage quickly develops across the terminals of the
shaded cell, causing the voltage of the electronic load to rapidly
decrease. When the shading area reaches 37.5 %, the voltage of the
external circuit drops to 0.23 V, while the reverse bias voltage of the
shaded cell reaches 2.13 V, as shown in Fig. 11.

At this point, the output power of the solar cell module quickly de-
creases, with shaded cells acting as a load and consuming the output
power of other normal cells, accompanied by a rapid increase in tem-
perature. With the increase of the shading area, the voltage of the
external circuit further decreases, approaching 0, while the voltage of
the unshaded cells gradually increases, approaching the open circuit
voltage. The shaded cell, acting as a load, reaches a reverse bias voltage
of 2.83 V, which is equivalent to the sum of the voltages of the remaining
unshaded cells.

From Fig. 12, it can be observed that when the shaded cell reaches
around 25 %, it transitions into a load that consumes a large amount of
power, peaking at 4 W. The power consumption of the external load
decreases significantly. As the shading area increases further, the output
power of the unshaded cell gradually decreases, and the power con-
sumption of the shaded cell also decreases. This is also the reason for the
decrease in temperature of the shaded cell as shown in Fig. 11. This is
because the variation in current in the circuit causes the operating
voltage of the unshaded cell to approach the open-circuit voltage,
deviating from the maximum power point at around 0.51 V. The output
power continuously decreases, eventually causing the entire circuit to
approach an open-circuit state with extremely low output power, as

Fig. 9. Thermal image, (a) shading range 12.5%; (b) shading range 50%.
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Table 2
Temperature data of shaded cell obtained by test.
Shading range (%) 0 12.5 18.75 25 28.125 31.25 37.5
Temperature (°C) 75 76 76.5 76.5 76 94.2 107.7
Shading range (%) 43.75 50 62.5 75 87.5 93.75 /
Temperature (°C) 108.9 108.6 108.5 104.7 92.4 83 /
3 —&— Shaded cell voltage
—@— Control cell voltage
1 —A— External load voltage
2
14
—_—
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& 0
o —
=
o -
>
-1 4
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Fig. 10. Effect of shading range of single solar cell on output voltage.
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Fig. 11. The relationship between shaded cell voltage and temperature with shading range.
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Fig. 12. Variation of power with changes in the shaded area.

shown in Fig. 13.

4.2. Simulation result discussion

The environmental conditions set in the simulation match the
experimental conditions. The ambient temperature is set at 35 °C, and
the natural convection heat transfer coefficient is empirically set at 5 W/
(m"2-K). The voltage at the terminal of the shaded cells under different

shading areas, obtained from the experiment, is input into the model to
obtain the simulated temperature distribution of the cells under
different shading areas. The simulated temperature image obtained is
shown in Fig. 14. Fig. 15 compares the experimental and simulated
temperatures. Based on the observed similar trends in both simulated
and experimental data, as well as an average relative deviation of 0.9 %
and a maximum relative deviation of 8.1 % between the two data sets, it
can be concluded that the simulation model has been validated by the

T I T T T T T T T T T T T T
2.0 : —#— Current - 1.0
I —A— Power L
! L 0.8
1.5 - '
| |
—_ | I —
< | F0.6
+~
g 1.0 - I . - F 8
| maximum power position =
5 g
U 4 : I~ 04 Q_‘
0.5 - ' '
' 0.2
1 | The voltage increases with
| the shading range - I
0.0 | - L 0.0
| 2
|
T I T I T T T T T T T T T T
0.50 0.51 0.52 0.53 0.54 0.55 0.56 0.57
Voltage (V)

Fig. 13. Changes in electrical parameters of unshaded cell.
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Fig. 14. Temperature simulation, (a) shading range 12.5%; (b) shading range 50%.
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Fig. 15. Comparing the simulated and experimental high-temperature region temperatures of the shaded cell.

experiments.

Fig. 16 illustrates the variation of the main heat sources in the
simulation under different shading ratios, where the heat flow is
composed of convective heat transfer and radiative heat transfer. It can
be observed that the heat flow changes in a decreasing trend, even
reaching negative values. This is because as the shaded area increases,
the radiative heat transfer flux decreases proportionally until the inward
radiative heat transfer flux becomes smaller than the outward convec-
tive heat transfer flux. As a result, the total heat flow transitions from
increasing the cell temperature to heat dissipation. The non-radiative
recombination heat remains negative, indicating heat absorption. This
is because carrier recombination requires photon energy, and as the

shielding area increases, the radiative area decreases, resulting in a
decrease in photon energy and the corresponding decrease in the energy
available to support carrier recombination, resulting in a uniform
decrease in the non-radiative recombination heat. The Joule heat
component is related to the reverse bias voltage. When the voltage at
both ends of the cell is reversed, the Joule heat increases sharply,
reaching a peak value of 3.73 W. As the shielding range further in-
creases, the Joule heat begins to decrease, consistent with the temper-
ature change trend. This is mainly related to the current density, electric
field intensity, and the area of the irradiation region.

The distribution of solar cell current density under different shading
areas can be observed in the simulation model, as shown in Fig. 17. As
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Fig. 16. Variation of the main heat source with changes in the shaded area.

shown in Fig. 18, during the process of increasing the reverse voltage at
the ends of the shaded cell, the current density in the unshaded region
exhibits a trend of decreasing with the decrease of the positive voltage
and increasing with the positive voltage. However, in the absence of
breakdown in the semiconductor, the upper limit of the current density
is determined by the density of electrons and holes in the semiconductor,
which, according to the model, is calculated to be 317 (A/m"2) in our
study. After reaching the upper limit of the current density, increasing
the reverse voltage will not further increase the current density. The

A/m?
A9

current density in the shaded part is relatively small compared to the
unshaded part, and it is in the opposite direction. It gradually decreases
as the reverse voltage increases, until it approaches zero.

The distribution of electric field intensity in the cell is influenced by
terminal voltage, while solar cells mainly rely on charge carriers to
create an electric field. The impact of different shading areas on the
distribution of the electric field is mainly reflected near the p-n junction.
Fig. 19 shows the variation of electric field intensity near the p-n junc-
tion with thickness. The distribution of electric field away from the p-n

A/m?
A3g

Unshaded area

Shaded area

50

V239

b
300
250
200
150
100
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WV 1.71x10

Fig. 17. Current density simulation, (a) shading range 12.5%; (b) shading range 50%.
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junction is generally consistent.

According to the calculation method of Joule heating, the variation
of Joule heat per unit volume can be determined with the change in

Depth from the surface (um)

Fig. 19. Electric field intensity distribution.

irradiation range, as shown in Fig. 20.

11

5. Conclusion

This article investigates the temperature anomalies that occur in
individual cells of a series-connected cell module operating at lower
voltages when shaded, and analyzes the causes of these anomalies by
experimental and multi-physics field coupled model simulation.
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Fig. 20. Irradiation range Joule heat per unit area, the shaded area represents the total Joule heating generated by different irradiation range.

From experimental and simulation results, it can be observed that the
shading range of 40 % to 60 % has the greatest impact on the temper-
ature of solar cell. Joule heating is the primary cause of drastic tem-
perature changes, and it is influenced by current density and electric
field intensity. The highest temperature produced by a cell due to
shading, without being punctured, depends on the maximum current
density allowed by the cell and the voltage provided by other unshaded
cells. Shading has a negative impact on the short-circuit current of solar
cells. However, if the shaded cells can still meet the current re-
quirements for normal operation of the circuit, although the power of
the shaded cells is reduced, they still operate within the positive bias
voltage range. This is why there is no significant temperature increase
observed in experiments with small-area shading (around 10 %). In the
case of extensive shadowing (covering more than 80 % of the surface),
the current density in the shaded portion of the cell is extremely low,
resulting in minimal Joule heating. Even if the reverse bias voltage is
increased, it cannot compensate for the heat loss in this shaded area.
Therefore, the cell may experience a decrease in temperature instead.

Our next step is to conduct research on partial shading with multiple
cells and attempt to scale up the component size to test and refine the
simulation methods proposed in this study. Additionally, through this
approach, we may investigate how to judiciously select the number and
placement of bypass diodes in series-connected components to prevent
excessively high reverse bias voltages, achieving the goal of suppressing
excessive temperature.
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