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MODELLING OF OVERHEATING IN SOLAR PHOTOVOLTAIC CELL PLATES
WITH LOCAL ELECTRIC HEAT SOURCES
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A model and a calculation scheme that allow describing and investigating temperature and voltage
drop distributions in solar photovoltaic cell plates in the presence of an overvoltage displacing the p-n
junction of photovoltaic cell in the reverse direction are developed. It is found that for a solar photocell the
temperature distribution stabilizes within several seconds after the overvoltage onset. In this case, the
maximum temperature and size of the region of local heating (called a “hot spot”) are set. An increase in
the overvoltage value leads to an increase in the maximum temperature and the “hot spot” size. For solar
cells with lower electrical resistances, local heating takes place at lower overvoltages and temperatures and
“hot spot” sizes of are smaller.
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1. Introduction

As you know, the occurrence of electrical overvoltage at reverse biased p-n junctions of
solar photovoltaic cells leads to the flow of large currents through these elements, their local
heating (the appearance of “hot spots”) and subsequent degradation and failure [1-4].
Recently, it has been established that it is possible to implement protection against the
aforementioned reverse electrical overvoltage and thermal breakdown of small area
photocells (up to 4 cm?) with built-in layers of posistor polymer nanocomposites with carbon
fillers [5, 6]. Nevertheless, it should be noted that modern solar photovoltaic cells are
elements of the distributed film type (thickness 0.1-0.2 mm, dimensions up to 15x15 cm?). In
a detailed study of electrothermal processes, in particular thermal breakdown, it is necessary
to take into account the processes of heat propagation in the longitudinal direction in such
structures, which ultimately leads to difficult problems in the mathematical and experimental
sense [7-9]. The study of the temperature distribution in photovoltaic cells with large areas
during local (point) heating is relevant for moving in the indicated direction.

The theoretical temperature and voltage drop distributions in the plate of an individual
reverse biased solar cell are determined in the paper. The model based on the heat conduction
equation with a local heat source of electrical origin is used.

2. Thermal processes in the plate and their mathematical description

The structure of a solar photovoltaic cell plate made of monocrystalline silicon is shown
in Fig. 1.
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Fig. 1. Photovoltaic cell structure:
1 - p-n junction of the photovoltaic cell; 2 and 3 — antireflective coating and metal mesh (electrode);
4 — electrode layer.

In the presence of a region of the reverse biased p-n junction of a photovoltaic cell with
a reduced electrical resistance, a significant electric current I flows through this region

(Fig.1).
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It leads to local heating of this region, as well as to the appearance of heat transfer Q to
adjacent regions of the photocell plate (the formation of a “hot spot™) at reverse electric
voltages Up exceeding the breakdown voltage Uy. Such local heating leads to accelerated
degradation, thermal breakdown of solar cells, and other undesirable consequences
[1, 2, 10].

The description of heat transfer in the situation considered here is possible using the
heat conduction equation with a constant linear heat source.

The following approximations are adopted in the modelling.

1. The solar photovoltaic cell has the shape of a thin disk of radius L and thickness
d, which allows using a polar coordinate system.

2. Thermal energy dissipation into the environment is described by the Newton—
Richman equation [11].

3. Using the representations [12, 13], the dependence of the electrical differential
conductivity gpn(T) of reverse biased p-n junction of the photovoltaic cell plate can be
approximated by the equation

AE, (1 1
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where AEg is the band gap of the semiconductor material of the photovoltaic cell
(silicon); k is the Boltzmann constant; n is the correction factor for determining the
activation energy of the considered temperature dependence that is determined
empirically [13, 14]; T is a solar photovoltaic cell plate temperature; To is an environment
temperature.

The density of electrical power, which is spent on heating an annular element of the
plate with an area AS = 2n rAr , is determined by the equation

dp(T,r)=U’dG, (T,r)=U’g, (T)f(r,0)dS = p(T,r)-dS (2)

where U is the reverse electrical voltage applied to the p-n junction of the solar
photovoltaic cell.

The redistribution of the voltage of the overvoltage source Uy between its internal
resistance Rs and the direct resistance of the solar photovoltaic cell p-n junction
Rp-n(T)=1/Gp-n(T) should be taken into account when determining the amplitude of the
overvoltage U

Rp—n (T)

U(T)ZUo'm (3)

where

AE (1 1
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0

the values Rp.n(To) and n are determined experimentally.

4. The heat source belongs to the type of internal, continuously operating, and
having axial symmetry with a normal-circular intensity distribution [15]. The dependence
of its intensity on the coordinate (radius) is described by the expression

78



Modelling of overheating in solar photovoltaic cell plates with local electric heat sources
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The value of the parameter o is determined from the condition that the width of the
heat source corresponds to the value of the radius r=rs at the level of 0.5 of the
maximum value of the function f(0,0), i.e. by solving the equation f(rs,c) /f(0,6) = 0.5.
This approach makes it possible to provide such a property of the considered heat source
of electrical origin as its released power independence of its radius changes.
Using the experimentally found dependences of the integral conductivity of the plate
of the reverse-biased p-n junction of the solar cell G,.n(T), the equation for determining
the temperature-dependent factor gp-n(T) can be obtained by integrating (2)

G,..(T)
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Equation (5) takes into account that the area S=mnL? for the disc sample of the
photovoltaic cell plate considered here.

The kinetics of the formation of a region of local Joule heating in a solar
photovoltaic cell plate can be described by the heat conduction equation averaged over
the film thickness [16].

The following equation for a part of a plate of annular shape with a thickness d and
radii [r,r+Ar] (with an area of 2 r d) for the temperature distribution u(r,t) in a polar
coordinate system, taking into account axial symmetry, can be written in accordance with
[17, 18] in the form

au(r.t) k| d%u(r.t) Jou(rt) | plu(rt). ] 2h,u(r,) -To]
ot _p-C or? r or p-c-d p-c-d

g,a.(T)=

(6)

where r is a radial coordinate in the plane of the plate; p, ¢ and k are density, specific heat
capacity and thermal conductivity of the solar cell plate; h, is the coefficient of heat
transfer per unit surface of the base of the plate with the environment.

The left term of equation (6) corresponds to the heat accumulation processes spent
on heating the plate. The right-hand terms correspond to the processes of heat
propagation in the longitudinal direction, heat generation by an internal source and heat
dissipation through the surfaces of the bases in the transverse direction, respectively.

The problem under consideration has axial symmetry and the boundary condition for
it can be written using the Newton-Richman law for the end surface of the plate, which
has a circular shape in accordance with the adopted approximations

ou(ry,t)
or
where h; is the coefficient of heat exchange per unit of the end surface of the plate with

the environment.
The initial condition is

= h [u(ry,t)—T,] )

u(r,0)=Tj. (8)
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3. Temperature distribution in the plate

3.1. Time dependency

The mathematical problem (4)-(8) was solved with a numerical method using the
built-in library program pdesolve of the Mathcad package [19].

The temperature distribution profiles along the r coordinate are shown in Fig. 2. The
following values of specific heat ¢ =0.7 W-s/(g-K) and specific thermal conductivity
k = 0.84-1.50 W/(cm-K), density p = 2.328 g/cm? [20], the thickness d = 0.01 cm and the
linear size (radius) ro=10cm of the solar photovoltaic plate, ambient temperature
To = 300 K, the radius of the heat source rs = 0.01 cm are were in the simulation.

As can be seen, at first the maximum temperature of the heat source (point r = 0)
and the width of the local heating region increase with time. The size of the local heating
region can be quantitatively determined by the value of the longitudinal coordinate (the
radius) reo, Which corresponds to the permissible temperature (equal to 333 K) for the
normal operation of silicon solar photovoltaic cells [21].
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Fig. 2. Temperature distribution along the r coordinate in the solar photovoltaic cell plate

after the application of electric overvoltage (Uo = 11 V) at times t, s:
1-0;2-0.2;3-05;4-1;5-2;6-2.25;7-3;8-10; 9-50; 10 - 100.

The temperature distribution is practically stabilized over a time interval of order
10 s, and after that the maximum temperature (at r = 0) and the size of the local heating
region is established (Fig. 3).

At real overvoltages of 11-13 V, the amplitude value of the temperature is quite high
(~ 700 K), and thus, the occurrence of thermal breakdown of the reverse-connected
p-n junction of the solar photovoltaic cell is real [1, 10, 22].
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Fig. 3. Dependences of the radius of the region of local heating of the plate reo and the maximum
temperature Tmax = u(0, t) of the solar photovoltaic cell on the action time of a constant overvoltage t.

3.2. Dependence on the resistance of the reverse biased p-n junction
of the photovoltaic cell

The results of a numerical study of the effect of the value of the electrical resistance
of the reverse biased p-n junction of the solar photovoltaic cell plate Ry.n(To) on the
temperature distribution along the coordinate r in its plate with prolonged application of
electrical overvoltage are shown in Fig. 4.

u, K

600r

500f

4001

300F_1

0 2 4 6 8 10

Fig. 4. Static temperature distributions along the coordinate r in the plates of solar photovoltaic cells
when an electrical overvoltage (Uo = 11 V) is applied to photovoltaic cells with integral reverse
electrical resistances Rp-n(To), Ohm: 1 —2000; 2 — 1000; 3 - 100; 4 — 50.
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Fig. 5. Dependences of the radius of the local heating region reo (a) and the maximum temperature

Tmax = U(0, t) (b) of the solar photovoltaic cell plate on the value of the initial integral resistance
of the photovoltaic cell.

As can be seen, local heating is not observed at large values of Rpn(To) (curve 1).
Such heating occurs when the specified parameter decreases. The “hot spot” radius reo
and the maximum temperature Tmax tend to decrease with decreasing Rpn(To) with all
other things being equal (Fig. 5).

3.3. Dependence on the magnitude of the overvoltage

The influence of the electric overvoltage amplitude U on the radius re and
maximum temperature Tmax of the “hot spot” is shown in Fig. 6.
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Fig. 6. Dependences of the radius of the local heating region reo (a) and the maximum temperature
Tmax = u(0,t) (b) of the solar photovoltaic cell plate on the value of applied overvoltage at the values
of the integral resistance of solar photovoltaic cells Rp-n(To), Ohm: 1 —500; 2 — 1000; 3 — 2000.
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These data correspond to the existing concepts of the local overheating appearance
in solar photovoltaic cells. Overheating can be realized only at voltages that provide
releasing power that exceeds the power dissipated. Fig. 6a shows that the “hot spot”
expansion over the area takes place with an increase in the overvoltage U, and it is clear
from Fig. 6b that this is accompanied by an increase in its maximum temperature Tmax.
The value of the reverse resistance of the p-n junction is also significant. With its
increase, local thermal heating occurs at higher temperatures and covers a larger area.

4, Conclusions

The results of the theoretical analysis of the temperature distribution in a solar
photovoltaic cell plate at local (point) heating of the electrical nature are presented.

It is shown that when a voltage is applied to the reverse biased p-n junction of a
solar photocell, which leads to heat release at the point of its plate with a minimum
resistance, the temperature and area of distribution of local heating in its vicinity
increases with time. The temperature distribution is stabilized within a few tens of
seconds, and after that the certain values of maximum temperature and size of the local
heating region are set.

An increase in the overvoltage value leads to an increase in the maximum
temperature and the size of the “hot spot”. For solar cells with lower electrical
resistances, local heating takes place at lower overvoltages and temperatures, and the size
of “hot spots” is smaller.

References

1. Herrmann, W. Operational behaviour of commercial solar cells under reverse
biased conditions / W. Herrmann, M. Adrian, W. Wiesner // Second World Conference
on Photovoltaic Solar Energy Conversion: International Conference, Wien, Austria, 6-10
July 1998. Proceedings. —1998. — P. 2357 — 2359.

2. Kim, K.A. Reexamination of photovoltaic hot spotting to show inadequacy of the
bypass diode / K.A. Kim, P.T. Krein // IEEE Journal of Photovoltaics. — 2015. — Vol. 5,
No. 5. — P. 1435 — 1441.

3. Tonkoshkur, A.S. Problemy nadiinosti  fotoelektrychnykh  komponentiv
soniachnykh batarei / A.S. Tonkoshkur, L.V. Nakashydze // Vidnovliuvana enerhetyka. —
2018. — No. 3. — P. 21 — 31. (in Ukrainian).

4. Tonkoshkur, A.S. Modeling of electrical characteristics of photovoltaic solar
arrays with protection against current overloads based on PolySwitch elements /
A.S. Tonkoshkur, A.V.Ivanchenko // Multidiscipline Modeling in Materials and
Structures. — 2020. — Vol. 16, No. 3. — P. 425 — 438.

5. Ivanchenko, A.V. Application of a polymer nanocomposite with carbon filler to
limit overvoltages in a photovoltaic element / A.V. Ivanchenko, A.S. Tonkoshkur //
Journal of Advanced Dielectrics. — 2020.

6. Ivanchenko, A.V. Elektricheskiye svoystva fotogalvanicheskogo elementa so
vstroyennym pozistornym sloyem na osnove polimernogo nanokompozita s uglerodnym
napolnitelem / A.V. lvanchenko, A.S. Tonkoshkur // Tekhnologiya i Konstruirovanie v
Elektronnoy Apparature. — 2020. — No. 1-2. — P. 30 — 36. (in Russian).

7. Kuffel, E. High Voltage Engineering: Fundamentals / E. Kuffel, W.S. Zaengl,
J. Kuffel, 2nd edn. — Oxford: Newnes, 2000. — 540 p.

8. Danikas, M.G. Thermal breakdown in solid dielectrics: A new approach /
M. G. Danikas, G. Papaschinopoulos // Journal of the Franklin Institue. — 1998. —
Vol. 335, No. 4. — P. 617 — 621.

83


https://www.worldscientific.com/doi/10.1142/S2010135X19500231
https://www.worldscientific.com/doi/10.1142/S2010135X19500231
https://www.worldscientific.com/doi/10.1142/S2010135X19500231

A.S. Tonkoshkur, A.V. lvanchenko

9. Virchenko, Yu.P. Heat localization and formation of heat breakdown structure in
semiconductor materials. 1. Nonlinear model / Yu.P. Virchenko, A.A. Vodyanitskii //
Functional Materials. — 2001. — Vol. 8, No. 3. — P. 428 — 434.

10. Daliento, S. A modified bypass circuit for improved hot spot reliability of solar
panels subject to partial shading / S. Daliento, F.Di Napoli, P. Guerriero,
V. d’Alessandro // Solar Energy. — 2016. — Vol. 134. — P. 211 — 218.

11. Kudinov, V.A. Tehnicheskaya termodinamika i teploperedacha: uchebnik dlya
akademicheskogo bakalavriata / V.A. Kudinov, E.M. Kartashov, E.V. Stefanyuk, 3rd edn.
— Moscow: Yurayt, 2016. — 442 p. (in Russian).

12. Chirvase, D. Temperature dependent characteristics of poly(3 hexylthiophene)-
fullerene based heterojunction organic solar cells / D. Chirvase, Z.Chiguvare,
M. Knipper J. Parisi, V. Dyakonov, J.C. Hummelen // Journal of Applied Physics. —
2003. — Vol. 93, No. 6. — P. 3376 — 3383.

13. Musembi, R.J. Intensity and temperature dependent characterization of eta solar
cell / R.J.Musembi, M.Rusu, J.M.Mwabora, B.O.Aduda, K. Fostiropoulos,
M. Ch. Lux-Steiner // Physica Status Solidi A. — 2008. — Vol. 205, No. 7. — P. 1713 -
1718.

14. Tonkoshkur, A.S. Electrical properties of structures based on varistor ceramics
and polymer nanocomposites with carbon filler / A.S. Tonkoshkur, A.V. Ivanchenko //
Journal of Advanced Dielectrics. — 2019. — Vol. 9, No. 3. — P. 1950023-1 — 1950023-6.

15. Reznikov, A.N. Teplofizika protsessov mehanicheskoy obrabotki materialov /
AN. Reznikov. — M.: Mashinostroyeniye, 1981. — 279 p. (in Russian).

16. Subashiev, A.V. Kinetics of reversible thermal breakdown of thin films /
A.V. Subashiev, I.M. Fishman // Journal of Experimental and Theoretical Physics. —
1987. —Vol. 66, No. 6. — P. 1293-1294.

17. Chumakov, V.I. K nelineynoy teplovoy modeli povrezhdeniy poluprovodnikov
/' V.I. Chumakov // Radioelektronika i informatika. — 2000. — No. 1. — P. 33—36. (in
Russian).

18. Zarubin, V.S. Variatsionnyiy variant modeli teplovogo proboya sloya tverdogo
dielektrika pri postoyannom napryazhenii / V.S. Zarubin, G.N. Kuvyirkin, I.Yu. Saveleva
/I Radiooptika. MGTU im. N.E. Baumana. Elektronnyiy zhurnal. — 2016. — No. 5. —
P. 38 —50. (in Russian).

19. Tonkoshkur, O.S. Metody matematychnoi fizyky u radioelektronitsi.
Praktykum: navchalnyi posibnyk / O.S. Tonkoshkur, V.U. Ihnatkin, O.V. Kovalenko,
K.M. Levkivskyi. — Dnipropetrovsk: Vydavnytstvo DNU, 2013. — 120 p. (in Ukrainian).

20. Handbook of Silicon Based MEMS Materials and Technologies / Eds. M. Tilli,
M. Paulasto-Krockel, M. Petzold, H. Theuss, T.Motooka, V. Lindroos, 3rd edn. —
Elsevier, 2020. — 996 p.

21. Gudkova, A.V. Termostabilizatsiya fotoelektricheskih preobrazovateley dlya
izmereniya VAH s impulsnym istochnikom sveta / A.V.Gudkova, S.V.Gubin,
V.1. Belokon // Otkrytyye informatsionnyye i kompyuternyye integrirovannyye
tekhnologii. — 2012. — No. 57. — P. 87 — 196. (in Russian).

22. D’Alessandro, V. A simple bipolar transistor-based bypass approach for
photovoltaic modules / V. d’Alessandro, P. Guerriero, S. Daliento // IEEE Journal of
Photovoltaics. — 2014. — Vol. 4, No. 1. — P. 405 — 413.

84



