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Abstract

Photovoltaic (PV) module temperature is known to significantly affect its power output and
efficiency, while it has been shown to depend mainly on the ambient temperature, the solar
irradiance incident on the PV plane and the wind speed, while to a lesser extent on the wind
incidence angle and various other environmental parameters as well as PV module
structural characteristics, module type, etc. The mounting configuration has been shown to
play a significant role in the PV temperature developed and the power output. This paper
presents an algorithmic approach for the prediction of PV module temperature at any
environmental conditions based on the energy balance equation taking into account PV
orientation, windward and leeward side, heat convection by natural and air forced flow, heat
conduction and the radiated heat by the PV module. The results are compared to measured
data under various outdoor conditions of ambient temperature, solar irradiance and wind
speed. In addition, the predicted PV temperature is compared to predicted values from
existing models. The robustness of the simulation algorithm developed in the prediction of
PV module temperature is presented and its clear advantage over empirical models, which
are fine tuned for the exact experimental conditions and/or experimental set ups under which
they were developed, is illustrated. Furthermore, the coefficient f which relates the PV
module temperature with the solar irradiance on the PV plane and the ambient temperature
is examined for various configurations of free-standing fixed and sun-tracking PV system as
well as building integrated photovoltaic (BIPV), illustrating essential differences in this and in
the temperature developed in the PV module.

Keywords: PV temperature prediction, thermal model, energy balance equation, wind
speed, BIPV

1. Introduction

The effect of PV temperature on the power output, efficiency and final yield of the PV system
is significant [1,2]. Typical value for the temperature coefficient of maximum power P, and
similarly for the module efficiency is -0.5%/°C. A range of 5-25% reduction in power output is
normally expected from the nominal value for 1000W/m? incident irradiance due to PV
temperature alone. The effect is in the higher end of the range for BIPV configurations [3].
PV temperature prediction is essential for forecasting PV power output, PV performance
analysis, diagnostic purposes, dynamic predictive management of building integrated
photovoltaics (BIPV) in Intelligent Energy Buildings [4], etc.

Several empirical and semi-empirical models have been proposed in the research literature
providing an estimation of PV temperature, and taking into account ambient temperature Tq,
solar irradiance on the PV plane Ir and wind speed v.. Some of the well-known models
include eq.(1) by King et al. [5], eq.(3) by Faiman [6] while validation of these model's
applicability at different climatic regions is presented in [7].
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TPv.b =Tq+1Ir- e(@+bmw) 1)
where Tpvp COrresponds to the temperature at the back of the module. The cell temperature
at the centre is then determined from Ty, according to [5], based on:

Tyve = Tpwp + AT * 17/1000 (2)
where AT and the empirically determined coefficients a, b in eq.(1) where defined as:

a=-3.56, b=-0.0750, AT=3°C for glass/cell/polymer sheet, open rack module and
0=-2.81, b=-0.0455, AT=0°C for glass/cell/polymer sheet, insulated back module

In Faiman’s model [6] given below, U,, U; are empirically determined coefficients with
average values: U} = 25Wm™2K~'and U; = 6.84Wm™3sK™1.

Tpv =T, + IT/(Uc; + U{ " Vy) 3

In another approach, NN-based models have been also proposed such as eq.(4) proposed
by Tamizhmani et al. [8] claiming to be independent of site location and technology type:

Ty, = 0.943T, + 0.028I; — 1.528u,, + 4.3 ()

Various theoretical models have been also proposed mainly steady-state models based on
the Energy Balance Equation (EBE) such as [9], but so far use empirical models for the
determination of the air forced convection coefficient. It has been previously shown by the
authors in [10] how the air forced convection coefficient estimated by various empirical and
theoretical models differs and the extent to which it influences the T, prediction. The
superiority of theoretical models over empirical for the determination of the air forced
convection coefficient was highlighted offering wider applicability independent of latitude.

In [10] a simulation model was developed for the determination of f coefficient in eq. (5)
based on theoretical expressions of the heat convection coefficients and the Energy Balance
Equation:

Tpv=Ta+f'IT (5)
_ (Ta)-npy
f - UL,f+UL,b (6)

The present paper presents a new simulation model developed for the prediction of PV
temperature at any environmental conditions and mounting configurations, considering the
solar radiation intensity, ambient temperature, wind velocity, wind incidence angle on the PV
surface either front or back and mounting geometry.

2. PV temperature prediction model

The proposed simulation model is based on the steady-state energy balance equation,
shown in eq.(7). It takes into account heat conduction from the cell to the front glass and
back polymer sheet, heat transfer by natural convection for both front and back PV sides at
any inclination angle, forced convection coefficient at any PV inclination, orientation, wind
direction for the windward and leeward side of the PV module based on theoretically derived



expressions and, finally, thermal radiation emission for the front and back PV side, taking
into account the mounting geometry. The assumptions considered in this model include:

= Temperature of PV module considered uniform

= Thermal capacity of PV module and transient phenomena are neglected. However, the
effect of fluctuating wind speed is directly passed onto the temperature of the back PV
surface. In these cases the time constant 1<4min of the averaging period so these
effects are in fact included.

The simplified thermal electrical equivalent used to determine the unknown temperatures
Tove, Tovss Tpvp, IS Sshown in Fig. 1(a). Heat conduction from the cell to the front and back
polymer sheet is considered through the thermal resistances R+ and Rc., which accounts for
the sum of the thermal resistances introduced by the various PV layers (Fig. 1(b)). The heat
convection coefficients for the front and back PV sides hcg.o« and hcp.o respectively and the
radiative heat transfer coefficients hg.q and h;p.q are taken into account through the overall
thermal losses coefficients defined in eq.(8a),(8b).
Ta
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Figure 1. (a)thermal electrical equivalent, (b) PV module layers.

The steady state energy balance equation becomes:

: 1 (Tpv,c - Ta) + ;; (Tpv,c - Ta) (7)

Rc_f+m RC_b+UL,b

(ta)lr = nvaT +

where the thermal losses coefficients for the front and back PV side are given by:

ULf =hcg-a+hrga (8a)
UL,b = hc,b—a + hr,b—a (8b)

(ta) is the transmission-absorptance product. For the sun-tracking PV system (ta) is in fact
equal to (ta)n. For fixed angle PV system or for BIPV, the (ta) product is defined through
eg.(9a) according to [11], considering the beam, diffuse and ground-reflected irradiance
components.

(t@)p , , @@)g@+cosP) , (ta)r(1—cosp)
(ta) — IbRb(T“)n i Ia(‘m)n 2 i TI(T“)n 2 (ga)
(ta)n I




where the incidence angle modifier (IAM) for the three components is estimated based on
ed.(9b) with b,=0.136 using the incidence angle 6 for the beam component and the effective
angles for the diffuse and ground-reflected radiation according to well-known expressions
provided in [11].

Kea =1— by (——=—1) 9(b)

cos6

The natural convection from a PV module is determined through the Nusselt number Nu
separately for the front PV side and for the back PV side considering the cases of all
inclination angles f<30°and 3=30° according to the equations analytically presented in [10].
In these Prandtl Pr and Rayleigh Ra numbers are calculated for the temperature of the
boundary layer, at the front and back PV side respectively.

For the forced convection coefficient of the windward side of the module the Sartori’'s
expressions [12] were used, see eq.(10a)-(10c), as demonstrated in [10] to provide very
accurate predictions of the f coefficient. The distinction between laminar, fully turbulent and
mixed flows was made based on conditions x/L =20.95 Xs/L <0.05 and x/L <0.95
respectively. L is the surface length in the wind direction and x.is the critical length based on
the Reynolds number Rexcand given by: x. = Re, . - v/v,,.

h=3.83-v%5-L70° for laminar flow (10a)
h =574-v%8. 1702 for fully turbulent flow (10b)
h=574-v%8-17%2-16.46-L"1  for mixed flows (10c)

For the leeward side of the PV module, the above expressions were considered but with L
now given by 4A/S, where A the area of the module and S its perimeter.

Combined natural and forced convection was also considered based on the Grashof and
Reynolds number comparison according to the following [13,15]. For the case of combined
convection Churchill’'s expressions eq.(11a)-(11b) provide a suitable solution with m=3.

» Gri<<Re/? forced convection
»  Gr.>>Re ? natural convection
*  0.01<Gr/Re ?<100 combined

hz‘r,lg—a = h?,lg—a (natural) + h?}g—a (forced) (118.)
g,lb—a = h(T:r,lb—a (natural) * hglb—a (forced) (11b)

The radiative heat transfer the respective coefficients for the front PV side and the back PV
side were considered normalised to the difference between PV temperature and the ambient
to correct for the simplification of the thermal electrical equivalent and EBE which take into
account radiative heat transfer with respect to the ambient T, rather than the sky Ts or
ground temperature Tgq. Therefore, the normalised coefficients used in the EBE,
egs.(8a),(8b) are given by:

T —Ts" Toof—Tord
Ry g—a = €qFpp f—siy0 22—+ €, Fp, £_ grq0 22—2= 12a
r,g—a gt pv,f—sky Tpw~Ta gipv,f—grd Tpwf—Ta ( )
T4 =T T4 b_T4d
hyp—a = €pFpp p—siy0 ——~+ €, Fppy p— grg 0 ——2= 12b
r,b—a b pv,b—sky Tpob—Ta bt'pv,b—grd Tpup—Ta ( )



where the view factors from the PV front or back to the sky and ground respectively are:

Fpp f—sky = (1 + cosp)/2 (13a)
Fypvf-gra = (1 —cosp)/2 (13b)
va,b—sky = (1 + COS(T[ - ﬁ))/z (130)
va,b—grd =(1- cos(m — ﬁ))/z (13d)

For the case of BIPV system, the normalised coefficient for the radiative heat transfer at the
back PV side which is facing the indoors environment with temperature Ting IS given by:

T;v,b_Ti‘:Ld (14)

Ry p_ing = EpO
r,b—ind b Tpv,b_Ta

Based on the EBE eq.(7) the determination of PV temperature Ty for the free standing
systems is achieved through eq.(15).

(ra)—npv )1
( f’")f +T, (15)
Rc_f+#’f Rc_b+#’b

Tpv,c

For the BIPV configuration the same theoretical model proposed for the free standing PV
system applies for the front PV side considering natural convection, forced convection
(windward or leeward) and long-wave radiation, while at the back PV side only natural
convection and long-wave radiation apply. In this case, the EBE takes the form of eq.(16)
and the Tyv.c may be accurately predicted by eq.(17).

1 1
(ta)lr = nvaT + + T (Tpv,c - Ta) + Rop+ T (Tpv,c - Tind) (16)
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Tpv,c

In eqgs.(7),(15)-(17), the efficiency np is considered for the actual conditions of solar
irradiance and for the predicted PV temperature according to the following based on [9,14].

Npy = Nsrc* (1 +v (Tov — Tpy,sr¢c) + 6 - ln(IT/IT,STC)) (18)

with nsw, Tevste, Itstc the efficiency, PV temperature and solar irradiance at Standard Test
Conditions (STC): Tev,s1c:25°C, Its1c:1000W/m?2. The temperature coefficient for power vy is
taken equal to -0.5%/°C and 0 for poly-crystalline PV modules 0.11 and for mono-crystalline
0.085 [14].

Having predicted the PV temperature at the centre of the cell, the proposed simulation
algorithm predicts the PV temperature at the front and back of the PV module according to
the following continuity principles:

o thermal losses from cell to glass = thermal losses from cell top to environment

1

B . (Tpv.c — Tpu s ) =

Reey — (Tyve = Ta) (19a)

RC_f+_UL’f

e Thermal losses cell to back = thermal losses from cell back to environment



ﬁ (Tpv,c - Tpv,b) = ﬁ (Tpv,c - Ta) (19b)

+_
ULb

Therefore, the PV temperature at the front glass and at the back PV surface is predicted by:

TpyctTaRc—fU
Tpv,f — IpvcTialc fYLf (20a)
Re—fULr+1
TpyctTaRc—pU
_ 1tpvcTlalkce—bYLb
Tpyp = R Uit (20b)

The simulation algorithm predicts Ty, Tovs @nd Tpyp iteratively with very fast convergence.

3. Experimental data

To test the accuracy of the PV temperature predictions from the proposed simulation model,
experimental data were captured from two PV configurations. The first configuration included
a two-axis sun-tracking PV system of 4 poly-crystalline Si modules 120W, each, see Fig.
2(a), with PV module parameters monitored on clear-sky days for the duration of a year.
These included solar irradiance on the inclined PV plane and module temperature monitored
for 4min every hour. The modules' inclination and orientation range tested as realised by the
sun-tracking system during the year were: 15°<p<85° and 75°<ypy<285°. Additionally the
environmental parameters monitored were global and diffuse solar irradiance at horizontal,
ambient temperature, wind speed and wind direction in 1min intervals. The wind speed was
corrected to the module height. The two stations were synchronized and 4 min averages of
the above parameter values were extracted.

@ ()
Figure 2. (a) two-axis sun-tracking PV system, (b) BIPV test cell

The second configuration included a BIPV experimental test cell comprising of 2 mono-
crystalline Si modules 55W, each integrated on the rooftop of the test cell at an inclination
angle B=15° and South-orientation ypy=0° see Fig.2(b). The same environmental
parameters as above were recorded at 1min intervals, as well as the following BIPV
parameters monitored PV module temperature at the back of the modules, solar irradiance
on the inclined PV plane and room temperature. The stations were synchronized and data
averaged for the same period.



4. Results and analysis

The simulation results from the proposed model with the two-axis sun-tracking PV system
are shown in Figs.3, 4 for 3 consecutive days in January and in July. The PV module
temperatures at the cell, front and back surface of the PV module were predicted and display
higher cell temperature by 0.5-1°C from that of the back surface which in turn is higher by up
to 1°C from the front PV glass. It is observed that during high wind speed conditions the front
and back PV temperatures coincide (see for example Fig.4 for wind speed 6m/s).

I i i I 1 i i
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Figure 3. PV temperature at the cell Tpv,c, back surface Tpvp and front glass Tovs predicted by the
simulation algorithm for the sun-tracking PV system during 3 consecutive days in January. The wind
speed vw, ambient temperature Ta and solar irradiance on PV plane It are shown in the subplots.
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Figure 4. Same as Fig.3 for 3 consecutive days in July.



The predicted PV temperature by the simulation algorithm lies very close to the measured
values as shown in Figs.5 and 6 and outperforms the other well known models [5,6,8]. It is
noteworthy that Faiman's model shows good predictions particularly at low wind speeds,
while larger deviations are observed for mid to high wind speeds. Mani's model shows very
good performance in July as shown in Fig.6.
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Figure 5. Comparison of the predicted PV temperature by the proposed simulation algorithm with
measured data and predictions by other well-known models [5,6,8] for the 3 consecutive days in
January (see Fig.3 for the environmental parameters during this period).
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Figure 6. Same as Fig. 5 but for the 3 consecutive days in July (see Fig.4 for the environmental
parameters during this period).

The PV temperature predicted for the BIPV configuration, shows the back PV temperature
from the cell temperature to be between 0-0.5°C lower and the front glass temperature to be
up to 2°C lower than the cell temperature, with higher differences observed when the front
side is windward and lower when leeward (Fig.7). The predicted PV temperature by the
simulation algorithm lies very close to the measured values as shown in Fig.8 and
outperforms the other models. The other models improve somewhat at very low wind
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speeds. It is noted that the coefficients a, b in King's model eq.(1) were those corresponding
to the insulated back in the case of the BIPV configuration. As shown the PV temperature
generally follows the solar irradiance profile, with wind speed playing also a significant role.

: : : . I . : :
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Figure 7. PV temperature at the cell Tpv.c, back surface Tpvp and front glass Tovs predicted by the
simulation algorithm for the BIPV configuration for a day in May. The wind speed vw, ambient
temperature Ta and solar irradiance on PV plane I+ and whether the front side is leeward (LW)
displayed as 0 or windward (WW) as 1, are shown in the subplots.
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Figure 8. Comparison of the predicted PV temperature by the proposed simulation algorithm with
measured data and predictions by other well-known models [5,6,8] for a day in May (see Fig.7 for the
environmental parameters during this period).

5. Conclusions

The thermal model developed and presented is theoretical, analytical and predicts PV
temperature at the cell, front glass and back surface with high accuracy. The results were
validated with measured data captured for the duration of 1 year from a sun-tracking PV
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system and also from a BIPV system. It was tested for a wide range of inclination angles,
orientations, and environmental conditions including solar irradiance, ambient temperature,
wind speed and wind direction. The model results were also compared with those produced
by some of the well know models empirical, semi-empirical, NN-based, and was shown in
general to outperform them. Empirical models are very easy to apply but in most cases are
fine tuned to the experimental set-up, location, technology type, mounting configuration, at
which the empirical parameters were derived. Theoretical models give an advantage over
the empirical models and may be successfully applied for any PV module orientation,
inclination, environmental conditions, mounting configurations. The estimated air forced
convection coefficient significantly affects the prediction of temperature and therefore it is
important the coefficient is theoretically derived. Sartori’'s equations used in the simulation
model provided an excellent estimate of the air forded convection coefficient. The thermal
radiation emission from the front and the back of the PV module is another critical
component that needs to be included in the prediction models, whereas several existing
models neglect this.

The robustness of the simulation algorithm developed in the prediction of PV module
temperature was presented and its clear advantage over empirical models was illustrated.
Further work is currently carried out in including transient phenomena related to fluctuations
in the solar irradiance.
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