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Abstract A steady-state thermal model for calculate the tem-
perature of a photovoltaic (PV) module has been developed for
outdoor installation such as ground-mounted systems. The PV
temperature is influenced by environmental variables such as:
irradiance ambient temperature, intensity and direction of the
wind, module design, orientation and mounting structure. As
well as it is influenced by electrical parameters. In literature
some single layer thermal balance consider only an overall heat
transfer coefficient as a function of wind speed, neglecting the
radiative thermal flux. In this paper, five thermal balance are
compared and it is shown that the radiative term cannot be
neglected, otherwise the PV temperature could be overestimated
for low solar radiation intensity and it could be underestimated
for high solar radiation intensity. For this reason, the percentage
contribution of the heat exchanges, normalized as function of
normal incoming solar radiation, are evaluated for wind speed
within 1 m/s (natural convection).
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1. Introduction

There are a lot of parameters related to the photovoltaic
module temperature (Ty,); they can be classified as follow:
meteorological and PV module installation site data,
thermal characteristic of module materials, its geometrical
and electrical characteristics [1]. They are summarized
into the well-known thermal model transfer contributions:
conduction, convection, radiation (solar and long-wave)
and electrical power generated.

There are many methods to calculate the operating tem-
perature, same consider a multi-layer thermal model, but a

lot of parameters are needed [2 - 4]. Other method are
based on a single layer model, so one equation to describe
it is used and the PV panel is divided in front and rear
sections [5 - 11]; In more of the models, in particular, the
forced convection is considered and the long-wave
radiation is neglected. Few studies are made with natural
convection or with limited ventilation. It is found in this
case that the radiative contribution is the greater form of
heat exchange between the module and the surrounding
environment.

The model considered in this paper [1] aims to obtain a
mono-dimensional module’s operating temperature and
the percentage contribution of the thermal exchanges
normalized as function of normal incoming solar
radiation. Moreover, the parameters found in literature in
different models are compared.

The proposed model distinguishes the thermal balance
terms into front and rear, as shown in Fig. 1; where sw;, is
the incident solar radiation, Q are the heat exchanges, T
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Fig.1. Scheme of energy flux
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are the temperatures, Py, is the generated electric power, ¢
is the solar angle of incidence and p is the module tilt
angle. Moreover, the subscripts f and b stay for front and
back/rear surfaces, respectively. Pv is photovoltaic
module, conv is the convection, rad is the long-wave
radiation, a is the ambient, s is the sky and g is the
ground.

The following assumption are made [1]:

- The transition time is not considered therefore the
model’s variables are constant over time.

- The thermal conduction within the device and be-
tween it and the support structure are negligible.

- Material properties are assumed to be independent of
temperature and equal on both sides.

- The optical properties (emissivity, reflection, absorp-
tion and transmission coefficients) are supposed con-
stant, i.e. independent of wavelength, temperature
and angle of incidence.

- Surfaces are isothermal.

- Clear sky conditions are considered.

- Natural convection is the only form of heat transfer
considered, where fluid flow up to v =1 m/s speed.

- Ground-mounted system is considered; in this case
the rear convective fluid flow does not interact with
ground.

- Ground temperature is assumed equal to ambient
temperature and this one is assumed equal in all sides
of the photovoltaic module.

- Mean temperature T, is assumed for the PV module.

Note that temperatures of front and back (rear) surfaces of

the PV module, Ty and Tp,p, are not the same. The cells

temperature is usually obtained by standard indoor tests,
where a thermal sensor in placed on the back surface.

However, the difference between the cells and the back

cover is about 3-4 °C, but it is neglected and an average

temperature is assumed.

2. Thermal model

With the above assumptions the energy balance on a PV
module [1] is expressed as follow:

SWy — va =Qrad *+Qconv (l)

Where Sw, is the net solar radiation, furthermore it is
assumed Q = SW, — Py, .
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There are many studies in literature that aim to modelize
the thermal behaviour of a PV module and so to determine
the PV cell temperature depending on some variables (en-
vironmental and electrical variables) and some parameters
(module and installation parameters). The one layer model
is the most used because it allows to reach a good
precision with a low computational effort and by a limited
number of variables and parameters.

A thermal equivalent electrical circuit can be used effec-
tively to find the thermal fluxes and the unknown tem-
peratures in a PV module (whose complexity is fixed by
the number of considered layers) that affect a ground
mounted PV module. For example, Fig. 2 shows two
equivalent circuits related to a single layer model. It is
worth noticing that the voltage source T, is a voltage
controlled voltage source as it depends on the ambient
temperature T,, as hereinafter explained.

Specifically, the circuit shown in Fig. 2.b has been ob-
tained by the circuit of Fig. 2.a under the hypotheses that
both ambient (T,) and ground (T,) temperatures are the
same up and down of the PV module. In this case the
thermal conductances of the front surface are in parallel to
the corresponding ones of the back surface.

Another difference is about conductances, related to ra-
diative thermal exchange, Q¢ that are non-linear in (a)
and linear in (b), see Section 2.C.

A. Net Solar radiation and Electric Power
generated

The net shortwave radiation SW, (W) is a function of
incident solar radiation swi, (W/m?) reaching the PV
module surface, its reflected fraction py,swi, by the front
face and the angle of incidence 6 [12] between the normal
of the surface and the sunlight direction:

SWy = swip ~COS(H)-(l—ppV)-A 2

The reflectivity py, is a function of module configuration,
characteristics of materials, orientation, sun position and
wavelength. Some value are evaluated experimentally by
[10], as about 8.88% for single-crystalline silicon, 10.8%
for multicrystalline silicon, and 10.5% for amourfous sili-
con. In this paper a mean value of 10% has been con-
sidered.

The electric power generated P, by typical silicon solar
cell is about 12% of the normal incident solar radiation
according to Standard Test Conditions (STC) efficiency
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Fig. 2. Equivalent circuit for one-layer thermal model of a PV module: a) complete circuit and b) simplified.



Table I. - Module efficiency formulas

Correlation Ref.
n=nstc ‘I Fo - (Tpy —Tstc) +7-Logo(sWin)] | [3.4,5,10,13]
n=ng—224-(Tp,* —273"'%) [14]

Bo ~r'a-SWin] [15]

n=nstc L-Bo - Ta—Tsrc) - .

TMsTc-

Ppv =71sTC - SWip -€0S(0) - A ©))

However, in the calculation of the Py,, the dependency of
the efficiency in operating temperature and irradiance
should be considered.

There are many correlations in literature summarized in
[7]. Table I shows three correlations:

- the first one is probably the most used expression for
n where Tpy and sw;, are the variables; it is compared
with #stc assumed in (3) and a difference of
temperature is discovered of about 0.32 °C (T, =
4498 °C considering #nsrc and T,=453 °C
considering 7). The comparison is made assuming:
/=30 degree, sw;;=700 W/m? T,=20 °C, module
parameter S,=0,4 %/°C, and =0, Tsc=25 °C
[3,5,7,10];

- the second one shows that in some cases the
correlation between Ty, and 7 is not linear;

- the third one uses directly the ambient variables
(swi,, Ta and v) to determine the convective
coefficient h.

The different formulations of the value Q are motivated
by the different definition of the efficiency » (Table Il), in
particular the considered irradiance. In this way (assuming
0 = 0 degree) for the incident solar radiation, the part
crossing the glass is z'sw;,, where 7 is the transmittance of
the cover system for beam and diffuse radiation, and the
part absorbed by the PV cells is a-z-swj, with a the
absorption coefficient of the cells.

The data a7 = 0.855 is very close to data found in the lit-
erature [3,5]. As stated above, we consider a constant
optical parameters (a good approximation only for the
central day time period). Its value is sun position-
dependent with a 20-30% reduction [11].

B. Convection Exchange

The rate of heat transfer by natural convection from a
solid surface at a uniform temperature T, to the
surroundings fluid, at ambient temperature T, is
expressed by Newton’s law of cooling as:

Qconv:gconv'(Ta _Tpv):(hf +hb)'A'(Ta _Tpv) (4)

where geony 1S the convective conductance, hs and h, are
the front and back convective coefficients, respectively, A
is the surface area.
The heat transfer from inclined plate could be predicted
by vertical plate formulas, if the component of the gravity
vector along a surface of the plate was used in the calcu-
lation of the Rayleigh number Ra. This is substantially
correct for the lower surface. For the upper surface the
boundary layer becomes unstable [17]. The experiments
confirm what we suspect for the lower surface of a hot
plate, but the opposite is observed on the upper surface.
When the boundary layer remains intact, the Nusselt
number Nu
h-L
- (5)
can be determined from the vertical plate relations
provided that g in Ra relation is replaced by g-sin(p), for
B<30° [2,18,19,20]. Nu relation for the upper surface are
available in literature [1]. Some authors suggest the
following Churchill and Chu formula:

Nu =

2

0.387-(Ra)/®

Nu=|0.825+
0.492/16)%"%
1+=

(6)

Pr

for the inclined hot plate in all range of Ra, but most
accurate in the range 10™ < Ra < 10°. For the hypothesis
take in this work the Ra value stands in the range 10’-10°.
Furthermore the laminar fluid flow transition is assumed
negligible applying the Vliet’s formula [18]

The convective coefficient h is a function of the fluid
properties: density (k), kinematic viscosity (v), dynamic
viscosity (a4) and volume expansion coefficient (5°); they

Table 1I: - PV module temperatures comparison as a function of net solar radiation less electric power generated
(formulas found in literature)

Correlation Ref. Optical Parameters Ref. T [°C]
—(l—p—1)-A-SW p=0.1
Q=(=p=m)-A-stiy [10] p=0.0888 [10] PP
Eq. 4 Nsrc = 0.12 :
ar=09 44.98
—(a-T—1)- A-SW a-t=0.855 4
Q ( 77) in [5] aT= 0875 [3’5] 3 56
44.19
o'1=0.9%0,9=0.81 4912
Nstc =0.12
a't=0.9;t=0.9 45.35
= = 44.43
a1 A-resw a1 = 0.94*0.93=0.8742
Q=(e=n) " [16] -1 = 0.9%0.9=0.81 [3,5] 42551
o1 =0.9*%0.95=0.855 43.75
Nstc =0.12




Table. 111. - PV module temperatures evaluated with different Long-wave radiation formulas: Eq. (7) and Eq. (11)

SWn Qrad,f,s Qrad,f,g Qrad,b,s Qrad,b,g Qconv,f Qconv,b va Tpv

[%] [%] [%] [%] [%] [%] [%] [%] [°C]
Eq. (9) 90 -29.9 1.4 2 -18.4 -14.6 -11.7 -12 44.98
Eg. (12) 90 295 -15 -1.8 -16.8 -15.7 -12.7 -12 46.48

are evaluated at the film temperature (T.+Ty)/2, except
£, which should be evaluated at T,

On the other hand, the convective coefficients that we can
find in literature [5 - 9] are only wind-speed-dependent
and they are not reliable for low -or without- wind speed.

C. Long-Wave Radiation Exchange

The long-wave radiation leaving one surface that reaches
the surrounding environment (sky and ground) as a
function of view factor is given by the electric analogy as
follow:

Qconv =Orad s '(rpv ~-Ts )+
+0rad, g (Tpy—Tg)+
+0radb,s '(Tpv =Tg )+

*+0radb,g ’(rpv =Ty )

()

The radiative conductance between a surface i and the sky
or ground (Qrags O Jrag,g) IS €Xpressed by [2,3,4,19]:

2 2
Orad,i,s = €i Fi,sAO'(Tpv +Ts )(Tpv +T4)

©)
Oradi,g =¢iFig ACf(-rpv +Tg )(Tgv +ng)
The view factors are assumed as [1,2,3,11]:
1+cos 1-cos
Ff,s: 2 ﬂ;Ff,g: 2 b
9
1+cos(z—p) . 1-cos(z - f) ©)
Fo.s - Fo.g =

Where the subscripts f and b stand for the front and rear
surfaces of the PV module.

If sky is assumed as a black-body its temperature can be
thought as a weighted average of the temperature between
the ground and the upper troposphere where water vapor
is much less abundant; the weight being a function of at-
mospherically composition that change in height. For this
reason the “sky temperature” is not the actual temperature
of the sky and is called equivalent temperature. The actual
sky temperature is not constant in height [1].

The measurement of sky temperature is complex and
rarely available; several expressions allow the calculation
of this temperature, a simple ones [3] is given by
Swinbank [20] and is used in this study:

T, =0.0552.T}® (10)

In literature there is a different formulation of the thermal
radiation exchange (10), where the surrounding emissivity
coefficients (ground and sky) are implemented in Eq. (6)
[10,11]:

Qconv = Ff,s Ao-(e¢ 'Tév_gs 'Ts4)+
+Fig Ao (ef Toy—eq Tg)+

(11)
+Fps Ao ey Tpy—es T+

+Fpg Ao (e Tpy =4 Tg)

In Table 111 is compared the two formulas with emissivity
coefficients equal to 0.95 [10,11] and 0.9 for the sky and
ground respectively.

3. Impact of models on Tpy

The aim of the thermal balance is to calculate the
operating temperature and to understand how the single
heat exchanges (normalized to the normal incident solar
radiation) contributes to the global balance.

A monocrystaline silicon solar cell is considered, with the
following parameters: surface area A = 0.769 x 1.586 m?,
efficiency nsrc = 0.12, front albedo coefficient p,, = 0.1
[10], front and rear emissivity coefficients, & = 0.91 and &
and ¢,=0.85, respectively [2,10,11]. Furthermore the
characteristic length is assumed equal to the height of the
PV module: L = 1.586 m.

The case examined in this work has been evaluated under
some common conditions:

1) south orientation: to maximize the incident solar
radiation;
2) mid-latitude installation site (45° north);

Table IV. - Simple photovoltaic thermal models to predict the operating temperature

+ _hTa+swin (a7 -ns7c 7151 - fo Tstc) [5]
Y=
P h—nstc - fo - SWin ,
™ h = 25.3 [W/m?K]
TpV =T +¢ [6] NstCc = 0.12
h+hy -v o = 0.0045 [°C™]
0.32 ot=0.9
TPV :Ta +(()-m~s in [7] rv-ll_:?- Ii:\:q/;é?ZK]
o7 NOCT - 20 o=1
pe=Ta ™M Tg00 1%l NOCT = 47 [C]
Tpy =0.943 T, +0.028 swi, —1.528-v+4.3 [9]




Table V. - PV temperature and normalized thermal exchanges as function of Solar Radiation intensity
(Ta=20°C, B =30°6=0°)

To [°C] SWin2 SWy Qradsfs Qradfg Qradbs Qradbg Qconv,f Qconv,b Pov

[W/m’] [%] [%] [%] [%] [%] [%] [%] [%]
20.12 100 -72.41 -0.04 -4.86 -0.53 -0.09 -0.08
25.31 200 -49.17 -0.95 -3.3 -12.37 -6.76 -5.45
29.77 300 -40.55 -1.19 -2.72 -15.51 -9.99 -8.04
33.87 400 -36.02 -1.3 -2.42 -16.87 -11.85 -9.54
37.75 500 -33.22 -1.35 -2.23 -17.6 -13.08 -10.52

41.44 600 % -31.30 -1.38 -2.1 -18.05 -13.94 -11.21 1
44,98 700 -29.92 -141 -2.01 -18.36 -14.59 -11.73
48.39 800 -28.87 -1.43 -1.94 -18.57 -15.08 -12.12
51.69 900 -28.04 -1.44 -1.88 -18.74 -15.47 -12.43
54.9 1000 -27.39 -1.45 -1.84 -18.87 -15.78 -12.68

3) spring period (May 5™);
4) solar declination 61°;

A. First Step: net solar radiation formulas
comparison as a function of generated electric
power

In the first step, different formulations of Q found in
literature are considered, and their impacts on Ty, is
evaluated. The corresponding results are shown in Table
Il. The optical parameters are taken from [3,5]
considering the properties of each single layer of module
(front glass and TEDLAR). If a direct measurement of the
incoming and reflected solar radiations are made, the pp,
values are taken from [10]. In [3] it is assumed that a 7=
0.9:0.95=0.855 is very close to the data found in
literature, but a difference of about 1.5 °C is observed
comparing this value with the data given by [10] assumed
for (2).

B. Second Step: Long-wave Radiation comparing.

In the second step (7) (assumed for this work) and (11)
are compared. The difference in PV temperature is about
1.5 °C, but the percentage contributions are very close.
The best difference is in the Qraqp,g term: 18.4% with (7)
versus 16.8% with (11).

The Qcnv Changes even if only the radiative term is
modified. In fact, the convective coefficient h is Ty,
dependent as the thermo-physical properties of the fluid
are evaluated at film temperature (Ta+Tp,)/2.

Finally (11) differ from (7) according to the surrounding
environment  variation through their  emissivity
coefficients (sky and ground in this case).

C. Third Step: Models Comparison

Five different simplified thermal balances found in
literature (see Table IV) have been compared and the
temperatures variations as a function of incident solar
radiation intensity are shown in Fig. 3. It is observed that
models [5,6,7,8,9] have a temperature difference of about
1 °C for low solar irradiance intensity, while a difference

of about 2-3 °C is observed for its high value; anyway the
models are in good correlation to the PV temperature
value measured in outdoor applications.

The five thermal models overestimate the PV temperature
values compared with (1) [20] for low Solar irradiance
intensity; the opposite happens for its high intensity
values.

D. Temperature variation as a function of solar
Irradiance intensity

The PV temperature variation as a function of normal in-
cident solar radiation, varied from 100 to 1000 W/m?, is
observed.
The hypotheses are 1) solar radiation normal to the PV
surface, 2) ambient temperature constant at 20 °C, and 3)
tilt angle fixed at 30°.
Without incident solar radiation the module temperature
should be almost equal to ambient temperature. A small
radiative thermal exchange between sky and front/rear
surfaces arises, due to the lower temperature of the sky
with respect to the surrounding environment, as can be
calculated by (10).
To balance this effect an incident solar radiation of about
g5 . . , .
[5] : :

i

[5]
asH —T7E
C  Equ 1[1]

25

00 i 1 1 i 1 i I 1
100 200 300 400 a00 GO0 700 g0a a00 1000

SWin [Wrm?)
Fig. 3. PV temperature T,, comparison as a function
of Solar Radiation intensity swi,



100 W/m2 is necessary, as shown in table V.

Increasing sw;, the convective flux increases too, and the
radiation flux becomes less important, but it remains the
greater term, in particular the radiation exchanged with
the sky (28.46% versus 49,55% with 1000 W/m?).

The temperature varies linearly, and it is in good
correlation with the other cases examined in Fig. 3.

4. Conclusion

The power balance allows calculating the operating tem-
perature of a PV module (or PV system) and evaluating in
advance the performance with real working condition.
Currently, the performances are determined in indoor tests
with standard conditions like STC and NOCT, but the
values are never obtainable for outdoor applications.

The efficiency of electric conversion depends on the ac-
tual temperature of the module, therefore it is so important
considers what the contributions that strongly influence
the heat dissipation are, to enhance it and to achieve
increased electric generation.

In the most of the models, in particular, the forced
convection is considered, and the long-wave radiation is
neglected; less studies are made with natural convection
or with limited ventilation. In the present study is
observed the long-wave thermal radiation contribution as
important part of heat exchange between the module and
the surrounding environment, in particular with the sky.
Anyway, with incident solar radiation increasing
(therefore with temperature increasing) the thermal
convection exchange goes up. For example it is observed
that:

- SWiy = 300 W/M?: Qrag = 59.97 %: Qeony = 18.03 %
- SWi, = 1000 W/M?% Qyag = 49,6 %: Qeony = 28,5 %

In the first part of the paper is evaluated a temperature
variation of about 1.5°C long-wave radiation and Q value.
Therefore, an important issue that requires further study is
related to the evaluation of Qg and Q=SW, -P,, to

improve the calculation of cell operating temperature.

In last part of the paper is observed that with low wind
speed and low solar irradiance intensity the considered
five thermal models found in literature overestimate the
PV temperature compared with the values calculated in
this paper. The opposite happens for high solar irradiance
intensity: in literature a lot of single layer thermal balance
consider only an overall heat transfer coefficient as a
function of wind speed, neglecting the radiation exchange.
Anyway, the PV temperature values are in good
correlation with the field operating temperature
measurements.
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