Numerical validation of experimental temperature evolution in photovoltaic cells with
varying ambient conditions
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Abstract

Photovoltaic (PV) converts solar energy to
electrical energy. Part of the absorbed solar
energy generates electricity but a greater
proportion is converted into heat which gives
rise to operating temperature of PV. Change in
temperature evolution at constant insolation
but varying ambient conditions were
investigated in this paper along with the
resultant power output. Temperature evolution
in PV at insolation level of 1000Wm? was
simulated using Ritz-Galerkin method in
MATLAB. Two-dimensional heat conduction
equation was used along with equations for
natural convection and radiation losses for
simulating temperature evolution in PV.
Simulated results were compared with indoor
experimental results at an  ambient
temperature of 25°C validating the model.
Ambient temperature was varied from 25 °C to
45 °C in steps of 10 °C. Temperature evolution
and power output at each ambient condition
were simulated to analyse the effect of ambient
temperature. Increase in the temperature of PV
was observed with the increase in the ambient
temperature at constant insolation and the
resultant drop in power is quantified.

Introduction

Photovoltaic (PV) converts solar energy to
electrical energy. Part of the absorbed solar
energy generates electricity and a greater
proportion converted into heat which increaser
operating temperature[1]. Crystalline silicon
PV, operating above 25°C typically, shows a
temperature-dependent  power  decrease
between 0.4%/K to 0.65%/K [2] The cell
generates more power with the increase in
irradiance. lrradiance has a large effect on
short-circuit current while the effect on open-
circuit voltage is weak. But increase in
temperature results in drop of voltage at high
voltages thereby reducing the power output [3].
Ambient temperature also effect the output
power of PV and usually falls at a rate of
~0.5%/ °C [4]. The finite element method is a
suitable computational technique for simulating
temperature evolution in PV. It provides the

solution of differential and integral equations
which is a generalization of the classical
Variational (i.e. the Ritz) and weighted-residual
(e.g. Galerkin) methods [5, 6].

Experimental Setup
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Figure 1: Experimental setup and dimensions

Figure 1 shows the schematic diagram of the
experimental setup and its dimensions. Five
thermocouples were attached to the front and
three thermocouples were attached to the back
surface of the PV to record the temperature
evolution on the PV at simulated insolations of
1000Wm™ in indoor conditions at an ambient
temperature varying in the range of 20°C to
25°C.

Modelled Heat Transfer Mechanism

Heat loss due to conduction, convection and
radiation was considered. The schematic
diagram of heat transfer mechanism in PV is
shown in figure 2. Differential equation
governing transient heat transfer in two
dimensions is given as:
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Boundary flux (Incident irradiance) at the
boundary is given as ‘q. Convection and
radiation heat losses are considered at
boundary given by following equations [7]:

q. =hA(T-T,) (@)
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Figure 2: Heat Transfer Mechanism in PV.

Convective heat transfer coefficient s
calculated as follows:

%
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Average Nusselt number correlation for
laminar flow on a flat plate is calculated as[8]:

1
Nu=0.68+0.670(Ray)+ for Ra <10’ (5)
And for turbulent flow,
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Rayleigh number (Ra) is a function of
Grasshoff number and Prandtl number and
given as[7]:

Ra =GrPr where Gr= BATgL /v’ (7)
Radiative heat transfer coefficient is calculated
as follows[7]:
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Element matrices

Weak formulation (Ritz-Galerkin model)[5, 9,
10] of the governing equations and boundary
conditions are generated using temperature as
primary variable. Bilinear LAGRANGIAN
quadrangular element is used as interpolation
functions for approximating element matrices
of conduction, convection, radiation, mass and
boundary conditions. Approximated Element
matrices of conduction (K), convection (H),
mass (M), radiation (R) and boundary flux (q)
are given in equations 9 to 13 respectively.
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Numerical integration

To solve the integral expressions of element
matrices presented in equations 10-14,
numerical integration is applied as analytical
integration is very demanding or not at all
possible for the entire shape diversity of an
element type [10]. 2-D numerical Gauss
Legendre integration is used with »n* gauss
points to accurately analyse a bipolynomial
degree p=2n—1.[11]

Mesh Generation and Assembly

Mesh is generated by subdividing the physical
domain into finite elements using bilinear
LAGRANGIAN element to approximate the
geometry of the domain. Local node
numbering stays the same for all the elements
because that determines the position of
coefficients in element matrices of conduction,
convection, radiation, mass and boundary flux.
Global node numbers are generated keeping
“semi-bandwidth” minimum[9]. The assembly
of elements was realized using direct addition
of components[10] and only non-zero
coefficients of system matrix was stored in one
dimensional array[12, 13].

Crank-Nicholson finite difference scheme was
used for temporal discretization and solution as
it is second order accurate and stable[14].

Electrical Output Model

For the simulation of electrical output of the PV
module, it is assumed that single cell voltage is
equal to module voltage divided by the number
of cells in series as it can be complex task to
relate -V curve of a cell with the whole
module.
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Figure 3: Equivalent circuit for PV cell



Therefore, the current ‘7’can be written as
classical single diode model of a PV cell as
shown in figure 3[15]:

V+IR V+IR
I=1,-1I|exp sh-1 - - (14)
? nV, R,

Where 1 is the reverse saturation diode
current, 7, is the photo generated current, nis
the ideality factor >1; Vis the mean cell
voltage, R andR, are the series and parallel
resistances. V,is the thermal voltage and
defined as:

V, =BT/e (15)
Where* B’is Boltzmann’s constant,’ T’is
temperature and ‘e’is the electron charge.
1, 1s described as proportional to incidence
irradiance ‘¢ ’; [15]

1 ZQ-(CPT~T+CPG) (16)
The reverse saturation diode current is

dependent on temperature and can be written
in following form:

ev,
1,=C,T expy—~ (17)
BT

V.,is the band-gap voltage and C,is the
constant.

The Downhill-simplex method was used to find
the parameterC,,,C,;,C,,n, R, and R, to best
represent the real system. The Newton-

Raphson scheme was wused then to
numerically solve equation 14.
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Results and Discussions

Figure 4 shows both experimental and
simulated temperature evolution on front of PV
at insolation of 1000Wm™,

Temperature (°C)

—— Experimental
304 — Simulated

Time (mins)
Figure 4: Experimental and Simulated
temperature evolution at 1000Wm™®

The initial ambient temperature during
experiment was 20 °C and it rises to 23°C and
simulated ambient temperature was 23 °C. The
initial gradient of temperature evolution during
experiment was higher than simulated results

but as ambient temperature coincides, the
gradient of both curves were in good
agreement. The maximum temperature at
1000Wm™? was ~57 °C in 30 minutes.

Figure 5 shows simulated temperature
evolution at 1000Wm? with varying ambient
temperature of 25°C, 35°C and 45 °C. The
maximum temperature was 59.7 °C, 69.2 °C
and 78.6 °C respectively. Thus increase in
ambient temperature at constant irradiance
results in increase in temperature of PV.
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Figure 5: Simulated temperature evolution at
1000Wm™ with varying ambient temperature

The linear increase in maximum temperature
of the cell with the increase in ambient
temperature was observed at constant
irradiance during simulation and is shown in
figure 6.
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Figure 6: Temperature evolution at 1000Wm™
with varying ambient temperature

The I-V curves and drop in power as a result of
increased cell temperature at constant
irradiance of 1000Wm™ but varying ambient
temperature were investigated and results are
shown in figure 7 and 8.
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Figure 7: Power curve at 1000Wm? with
varying ambient temperature
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Figure 8: |-V curve at 1000Wm™ with varying
ambient temperature

The power drop of ~0.36%/ °C was observed
with the increase in ambient temperature which
was consistent with earlier investigations[4]. As
irradiance was kept constant so variation in
short circuit current was small as it depends
less on cell temperature. But Increase in
temperature results in drop of voltage at high
voltages thereby reducing the power output.

Conclusions

The 2-D Ritz-Galerkin model is a very useful
tool for simulating temperature evolution of PV
for different ambient conditions of different
geographical locations. It gives transient
response of PV with change in irradiance and
other weather conditions like ambient
temperature, wind speed and sky temperature.
It provides spatial distribution of temperature in
the cell to find maximum temperature of it. This
maximum temperature dictates electrical
output of the cell The simulated PV
temperatures are in good agreement with
experimental results. We have shown that
ambient temperature have considerable effect
on the temperature evolution of PV cell and
consequently on to its electrical output. Thus
performance of cell will vary in different
geographical locations and it depends not only
on irradiance level but also on ambient
temperature.
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