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Abstract. Determination of the junction temperature of solar cells is critical for accurately eval-
uating on-site performance of solar modules. It is difficult to acquire the junction temperature
of cells because solar cells are laminated and encapsulated in modules. In this paper, a fine
steady-state thermal model is established to directly obtain the junction temperature of cells in
the field. The model only needs plane of array (POA) irradiance, backsheet temperature, am-
bient temperature and wind speed. The junction temperature of the cells obtained from the
model is validated by the equivalent cell temperature method in IEC 60904:2021. The results
indicate that the model works well in the POA irradiance range of 400-800 W/m?Z. In addition,
the effect of POA irradiance, ambient temperature on temperature difference between junction
temperature and backsheet temperature were investigated. It is found that the temperature
difference between junction temperature and backsheet temperature is increased with increas-
ing POA irradiance. The required time of modules to reach the thermoequilibrium state is af-
fected by the ambient temperature. The obtained results in this paper provide useful insights
into performance evaluation and power generation forecasting of solar modules.
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1. Introduction

Photovoltaic power generation is getting increasingly attention due to the development of clean
energy. Thus, the power generation of photovoltaic power stations and the aging and attenu-
ation of photovoltaic modules have gained attention [1, 2]. Determination of module parame-
ters is indispensable for accurately evaluating on-site performance of solar modules, thus the
module temperature is a very important parameter [3, 4]. In reality, many people are using it
incorrectly, thinking of backsheet temperature as module temperature. In fact, strictly speaking
it should be the junction temperature. However, due to the fact that solar cells are laminated
and encapsulated in modules, the junction temperature is hard to measure, the value is always
replaced by backsheet temperature, which via thermal sensors attached to the module. The
difference between T; and Tyack could lead to huge errors in follow-up calculations. Depending
on different climate conditions, which include ambient temperature, wind speed and POA irra-
diance, the junction temperature is 1 to 3 degrees higher than the backsheet temperature, but
the exact relationship between the two, temperature difference (AT) and environmental condi-
tions, has not been studied.
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Depending on the different purposes, many scholars have done a lot of work on the de-
termination of junction temperature: some mathematical models were developed to evaluate
the electrical efficiency of PV module [5]. Zhang et.al.[6] investigated the steady-state operat-
ing temperature of bifacial photovoltaic modules by ANSYS software, considering three differ-
ent installation conditions. Jiang et.al.[7] developed a method based on the p-n junction semi-
conductor theory to the determine junction temperature.

In order to perform IEC 60891 procedures, a standard method for measuring the module
temperature is IEC 60904:2021—the equivalent cell temperature (ECT), which is need to be
determined in solar laboratory. So, it is very difficult to determine junction temperature. Thus,
it is very necessary to develop a fast and accurate way to determine junction temperature
during field operation.

In this study, a thermal steady-state model for IEC 60891 and IEC 61853 to measure
junction temperatures is developed. This model only requires four environment factors: irradi-
ance, wind speed, ambient temperature and backsheet temperature. The IEC 60904:2021
procedure is used to validate that the thermal model displays a satisfied consistence with the
equivalent cell temperature. In addition, the relationship between AT and environmental con-
ditions have also been analyzed by this steady state thermal model, and found that AT changes
with irradiance during the whole day, and the thermal states of the module are affected by
different ambient temperature [8].

2. Experimental details

A steady-state model of photovoltaic module that has been developed, which relates T; to T,
Vuwina @nd G. The PV module is generally divided into 5 layers and thermal energy transfer
processes are applied. Due to the high transparency of the front encapsulation materials (glass
and EVA layer), most of the energy from the exposed light is absorbed by solar cell, which
results in solar cell being the hottest layer of the module (i.e. T;). After being absorbed, energy
from the middle layer (the cell) is transferred to the both sides by thermal conduction. Thermal
energy is also lost through convection and radiation. These processes are repeated and even-
tually a homeostatic equilibrium is established between the module and the environment.

3. Results and discussion

A steady-state model of photovoltaic module that has been developed, which relates T; to T,
Vwind @and G. The PV module is generally divided into 5 layers and thermal energy transfer
processes are applied. Due to the high transparency of the front encapsulation materials (glass
and EVA layer), most of the energy from the exposed light is absorbed by solar cell, which
results in solar cell being the hottest layer of the module (i.e. T;). After being absorbed, energy
from the middle layer (the cell) is transferred to the both sides by thermal conduction. Thermal
energy is also lost through convection and radiation. These processes are repeated and even-
tually a homeostatic equilibrium is established between the module and the environment.

3.1 Theoretical model of determination of the junction temperature for PV
modules

According to the structure of crystalline silicon photovoltaic modules, the energy transfer pro-
cesses follow the law of conservation of energy:

A1-G= deiation + Qconvection (2)
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where
4 4
Qradiation =A-¢-0- (Tsurface - Ta )

Qconvection = A ' hwind : (T—Zvu}fface - T a) ( 4)

Ais PV module surface area; 7 is the heat conversion rate of PV module for sun light (i.e.
how much energy is there for heat transfer); ¢ is emissivity of radiation; ¢ is Stefan-Boltzmann
constant; hwing is the convective heat transfer coefficient.

3)

Inside the PV module, the thermal energy is fluxed from middle layer (the cell) to both
sides, which for the rear side can be calculated as:

T —T.
Qconduction =4- ]Tbk (5)

R is the effective heat transfer coefficient from cell to rear side. Four T-type thermocouples
were attached to the backsheet to measure Tyack, and via Eq. (4) to obtain T,

3.2 Experiment and Validation

The temperature difference between junction and backsheet by ECT and thermal model meth-
ods are studied. The |-V curves of the module were obtained under clear days using the Pho-
tovoltaic I-V profile tester, PV200, while a thermocouple sensor was attached to the back of
the module to obtain the backsheet temperature, and a meteorological tester was used to
measure the ambient temperature and POA irradiance. After concluding the outdoor measure-
ments, this module was measured in the solar laboratory to determine the coefficients By, B,
and B that were used to calculate the ECT. A set of 1200 outdoor data measurements were
used to analyze the AT between the junction and backsheet temperature by two different meth-
ods: IEC 60904:2021 and mathematical model. Since irradiance rises and falls throughout the
day, the comparison was only done with data when the irradiance decreased monotonously,
i.e., only using every day’s data measured from 12:00 to 17:00. The four days comparison
between the both models are shown in Fig.1 and show excellent agreement for irradiance
levels between 400 and 800 W/m?2,
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Figure 1. AT is affected by irradiance from 12:00 to 17:00 of four days data
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4. Conclusion

A very important parameter of PV modules is the junction temperature. The accurate determi-
nation for T; could decrease the error in relevant works. The present study develops a thermal
steady state model of PV modules to determine the solar cell’s junction temperature which
based on outdoor condition. The difference between T; and Tsack has been analyzed by two
methods: ECT in IEC 60904:2021 and our thermal model. The scope of application of both
methods is studied and both models give the same T; in the range of 400-800 W/m? irradiance.
The effects of different environmental factors on equilibrium are revealed, i.e. G influences the
AT and T, control the time to reach steady state. The obtained results in this paper provide
useful insights into performance evaluation and power generation forecasting of solar modules.
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