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Abstract

To improve the performances of Photovoltaic systems, water-based cooling systems have been
considered as an interesting option. The study proposes a novel mono-dimensional thermal model
that includes the modeling of the spray cooling phenomena on the back surface. The model was
validated with data of an experimental setup with a PV panel equipped with two spray nozzles. The
model, based on the energy balance method with a Finite Difference approach, can provide the
thermal field across the panel thickness. Simulations were carried out over a large number of days in
the summer period with a short time step (5 s). Results showed an average RMSE of 1.37 °C, RMSEP
of 0.005 % and NSE of 96.5 % for the back surface temperature, and an average RMSE of 3.39 W,
RMSEP of 0.36 % and NSE of 99.6 % for the electric power. A further assessment of the cooling
phenomenon highlighted the contribution of sensible and latent energy exchanges to the panel energy
balance. Finally, a comparison of the performances with a non-cooled Pv panel showed an average
increase of 7.82% of the electric power in solar radiation peak hours and a reduction of 28.23 % of
the average cell temperature.
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Nomenclature

A Surface area [m?]

a Estimated value from the model [°C or W]
c Specific heat [J-kg?-K?]

CFD Computational fluid dynamic

d number of acquired data [-]

e experimental detected value [°C or W]

E Energy per time unit per unit area [W-m™]



EVA

|

MBE
NSE
NOCT
Nu

Pr

PV

Ra

Re
RMSE
RMSEP

Ethylene-vinyl acetate

View factor [-]

Gravity acceleration [m-s?]

Solar radiation component [W-m™]
Grashof number [-]

Heat transfer Coefficient [W-m2-K™]
Incidence angle [rad]

Thermal conductivity [W-m™-K?]
Correction factor of the optical properties [-]
Characteristic dimension [m]
Latitude [rad]

Mass [kg]

Flow rate [kg/s]

Mean value of the acquired experimental data [°C or W]
Mean bias error [°C or W]

Nash-Sutcliffe coefficient [%]

Nominal Operating Cell Temperature [°C]
Nusselt number [-]

Perimeter [m]

Prandtl number [-]

Time step

Photovoltaic module

Thermal flux [W-m™]

Internal heat generation [W-m]

Solar radiation absorbed by the PV cell [W-m?]
Rayleigh number [-]

Reynolds number [-]

Root mean square error [°C or W]

Root mean square error percentage [%]

Velocity [m-s?]



Subscripts
air

b

ch

conv

eff

for

gl

nat
out
pan

PV

rad
ref
st
surf

ted

Greek letters

external air
beam
characteristic
convective
diffuse
effective
forced
generated
glass
entering
position along the x direction
normal
natural
leaving
panel
photovoltaic
reflected
radiative
reference
stored
surface
tedlar

water

Absorption coefficient [-]
Volumetric coefficient of thermal expansion [K™]

Module azimuth [rad]



d Solar declination angle [rad]

€ Emissivity [-]

¢ Volumetric coefficient of thermal expansion [K™]
0 Module inclination angle [rad]

£ PV cells temperature coefficient [K™]

v Cinematic viscosity [m2-s?]

(0] Infrared thermal exchange with the sky [W-m]
® Solar hour angle [rad]

p Density [kg-m™]

c Stefan-Boltzmann constant [W-m2-K™]

T Transmission coefficient [-]

(0] Long wave thermal radiation from the sky [W-m™]

1. Introduction

Solar energy is currently one of the major elements for a paradigm shift toward a more sustainable
carbon-free energy scenario. Different technologies have been investigated to be able to produce
energy on a larger scale [1-6], also considering the combination of different systems [7-9]. Solar
photovoltaic is, in particular, one of the most promising and currently diffused technologies [10-13],
that is playing a fundamental role in the transition toward a decarbonized society [14], with massive
employment at the building level [15-19]. One of the main limitations is that only a small percentage
of the incident solar radiation is transformed into electricity, whereas the remaining part is dissipated
into heat, with an increase of the cell operating temperature that consequently leads to a decay of
conversion efficiency. The increase in thermal efficiency is a topic widely discussed in the literature
[20,21]. In an attempt to mitigate cell temperature and enhance PV performances, different types of
cooling systems have been proposed and tested to improve the performances of traditional
photovoltaic panels [22-24], including PVT systems [25] and the use of fans and artificial intelligence
[26,27].

A viable and interesting solution appears the use of water-based systems [28,29]. Different
configurations have been proposed and investigated where water can flow on the front glass or back
surface or through pipes and channels realizing a PV/T configuration [23]. Also, water immersion of

photovoltaic panels was studied as a cooling technique to improve panel performance [24,30].



Among these cooling techniques, a promising strategy to increase electrical efficiency is spray
cooling on the PV back surface [31,32]. In this field, most of the research is based on experimental

approaches, whereas the lack of appropriate theoretical models has to be noticed.

For instance, water-cooling sprinkler systems underneath polycrystalline photovoltaic modules have
been tested [33] with continuous and intermittent cooling in the hottest hours of the day. Other
experiments aiming to evaluate the PV cooling considering different irrigation strategies, water flow
rates, and operating cycles were performed in a warm tropical climate in [34], however, these
techniques were applied on the front surface with a natural worsening of the optical properties.
Similarly, a water cooling system acting on the glass surface was installed on a large-scale 20 kW PV

solar plant seeking to minimize the operation cost and the amount of water used as described in [35].

The impact of the cooling systems on the operative temperature, in relation to external meteorological
conditions, is essential for estimating the actual performance of photovoltaic modules. Nevertheless,
different methods for estimating the cell temperature, ranging from simple empirical correlations to
more structured thermal and electrical models, are prevalently available for traditional PV panels
without cooling systems. A simulation model based on finite differences that describe a double-glass
multi-crystalline photovoltaic module was developed and validated using experimental data in [36].
A transient model to estimate the PV panels temperature, under time-varying field conditions, was
proposed and validated in [37], successively a parametric study allowed to evaluate the effect of grid
parameters on the model accuracy finding that smaller time steps produce lower RMSE despite an
increment in the computational time. The same authors also proposed bidimensional transient
numerical thermal models based on the finite difference method (FDM) developed in MATLAB
environment, considering both explicit and implicit time schemes [38]. Among these models, the
authors found that the explicit method is the most accurate but with greater computational effort. A
three-dimensional CFD model was developed in Fluent to accurately simulate the airflow and the
consequent thermal processes on the PV glass and the backsheet surface. Indeed, the convective heat
transfer coefficients obtained from the numerical CFD simulation have been applied in a steady
thermal model [39]. A mathematical approach developed to simultaneously solve a thermal and an
electrical model was developed in [40] to determine the PV performance in transient conditions.
However, the implemented 5-parameter electrical model introduced an additional complexity
deriving from the need to obtain the electrical parameters, usually determined in the standard test

conditions, for any operating condition.

Few works can be found in the literature that include thermal modeling of cooling systems. For
instance, a computational CFD model was implemented in [41] to investigate the convective cooling

mechanism on the PV backside.



A numerical 3-D model developed for a PV/T system equipped with different configurations of
parallel channels on the PV module backside was proposed in [42] where the flow turbulence was
simulated with the standard k—e model. Another mathematical model was developed in [43] to
determine the optimal control strategy to decide the activation of a PV cooling system according to
the maximum allowable temperature, assuming steady-state conditions. Mainly, this validated model
determines the cooling period length to attain a pre-set temperature drop. However, such an approach
does not seem suitable to properly account for spray cooling in dynamic conditions. Specifically for
the spray cooling technique, the increment of performance was evaluated by experimental campaigns
both on the front and back sides of a small PV panel as described in [44]. The authors proposed to
model the heat loss due to evaporation as a function of the difference between vapor partial pressures,
of an evaporation factor depending on the water spray temperature and the conditions of the
surrounding air, but then only experimental results were presented in the study. A pulsed-spray water
cooling system for photovoltaic panels was proposed in [45], where a row of water jets was sprayed
on the front side of the PV panel. The authors proposed a formulation where the heat lost by
evaporation could be related to an evaporation factor, the latent heat of evaporation, and the difference
in partial pressures. But again, results referred only to the experimental analysis. Following a different
approach, a PV panel was modeled according to the thermo-electrical analogies by an RC circuit
equipped with electrical resistances, and capacitances [46]. The RC model also considers the cooling
effect due to an intermittent irrigation regime by a water film on a PV panel. A mathematical model
based on a five-layer schematization of the panel was developed and validated in [47] with and
without a water flow acting on the front surface. In particular, the cooling effect was modeled with
an additional water layer where the energy balance is written and solved considering the amount of
heat absorbed by the flowing water and the evaporation heat transfer.

Even though the literature confirms that water cooling is a promising and efficient technique, there
are no currently available models to predict the operating temperature and power productions of a PV
panel during spray cooling in presence of cooling systems. Therefore this study proposes to fill this
gap by developing a novel dynamic thermal model of a PV panel that includes the modeling of a
spray cooling system working on the back surface of the panel. The 1-D model allows for obtaining
the temperature profile across the vertical section and, consequently, the electric energy produced
when a water spray technique by means of nozzles is applied on the back surface. The model was
validated thanks to the data obtained in the summer of 2019 by an extended experimental campaign
carried out on a set-up installed at the University of Calabria (Italy). Furthermore, the numerical
model allowed to analyze the cooling phenomena in detail to assess the importance of sensible and
latent heat exchanges in the energy balance of the PV panel.



2. Methodology

The proposed thermophysical model is based on a previous work where a model for traditional PV
panel was validated allowing to determine the temperature profile over the thickness, properly
validated over different seasons [48]. The model refers to polycrystalline silicon (poly-Si) 245 W PV
panel, tilted 30° on the horizontal surface. The panel was monitored to attain the experimental data
required for validation (Fig. 1). The cells have a dimension of 156x156 mm, and the total dimension
of the PV panel is 1663x998 mm. The module consists of the following layers: Glass, EVA top, PV

cells, EVA bottom, and then Tedlar whose properties are reported in Table 1.

Fig. 1. PV module considered in the study (left) and schematic view of the main photovoltaic

module layers (right)

Table 1. Thermal properties of the layers considered in the model [37]

Layer Thickness Thermal conductivity k Density p  Specific heat capacity ¢
(mm) (W-mtK?) (Kg'm?3) (- KglK)
Glass 3.2 1.8 3000 500
EVA top 0.2 0.35 960 2090
PV cells 0.3 148 2330 677
EVA bottom 0.2 0.35 960 2090
Tedlar 0.1 0.2 1200 1250

2.1. The experimental set-up

The experimental set-up is located on the roof of a building of the Department of Mechanical, Energy,
and Management Engineering of the University of Calabria (Italy). It is made of different PV modules
anchored on a structure with south orientation (Figure 3) and arranged to avoid mutual shading and

be subjected to the same irradiance condition.



Fig. 2 Overview of the experimental site

The polycrystalline silicon modules have a total area of 1.46 m? and a nominal efficiency of 14.5 %.
The electrical characteristics of the modules are reported in Table 2.

Table 2. Electric characteristics of the PV modules

Nominal power (W) 245
Output tolerance (W) +5/-0

Rated voltage (V) 29.9

Rated current (A) 8.20
Open circuit voltage (V) 37.41

Short circuit current (A) 8.80
Temperature coefficient - Pmpp (%/°C) -0.43
Temperature coefficient - Isc (%/°C) +0.06
Temperature coefficient - Uoc (%/°C) -0.31
Normal Operating Cell Temperature (°C) 43+2

On the building roof, a weather station continuously monitors external meteorological climatic
conditions, in particular: air temperature, relative humidity, wind speed and direction (but this last

parameter is unused in the numerical model). The instrument characteristics are reported inTable 3.

Table 3. Sensors specification

Temperature Relative humidity Wind speed




Sensor Pt 100 1/3 Capacitive Range 0...75 (mls)

Range -50...70 (°C) 0...100 (%) Accuracy 25%

Accuracy 0.1(0°C) +1.5 (RH5-95%) Threshold 0.5 (m/s)

The global solar irradiance on the module plane and the beam normal solar irradiance are measured
with a Secondary Standard Eppley Laboratory where some pyranometers are arranged with a spectral
range of 295-2800 nm, sensitivity of 8 u\V/Wm2, a 95% response time of 5 s, a non-stability and non-
linearity of 0.5 %, and uncertainty at an hourly average of 2%.

The experimental setup was built to perform experiments with different types of cooling systems
that act on the back surface of the PV panels. The PV panel that is the object of the presented
thermal model is equipped with two wide cone water spray nozzles installed at approximately 50

cm from the back surface in order to have a perpendicular spray that impacts cooling most of the

rear surface ("=

Fig. 3). The nominal flow rate at a pressure of 3 bar is 8.55 I/min.



Fig. 3. PV panel equipped with spray cooling nozzles

On the back surface of the module, four temperature sensors are arranged in a diagonal direction from
the center of the panel to the edge to verify temperature uniformity. The sensors are self-adhesive
silicone rubber support with a thin film Pt100 Resistance Temperature Detector. The operative range
is (-50; +150) °C with an accuracy of about 0.5 % of the measurement and a temperature coefficient
lower than 0.02 %/°C. The sensors are installed to measure the radial distribution of the temperature,
supposing a radial symmetry along the panel back surface. Starting from the outer position, close to
the one edge of the panel, the sensor is named To and successively the other three are placed radially
to reach the module central position (T3). From the experimental analysis, it was observed that the
radial variations in temperature are very limited, in fact, in July the temperature varies on average by
0.755 ° C in the case of a cooled PV panel and by 0.241 ° C in the case of an uncooled PV panel. The
major differences found in the case of a cooled PV panel are due to the imperfect uniformity of the
spray which in the initial phase tends to cool more the surface in direct contact with the water jet. In
the subsequent phases, the cooling phenomenon tends to become uniform. In the case of a cooled
panel, the greatest radial temperature variations are maintained for limited time intervals. Therefore,

what has been said justifies the hypothesis of a one-dimensional case in the modeling performed.

The cooling system is automatically activated by a solenoid valve controlled by the DAQ system.
The valve activated when the temperature on the back surface reaches 40°C allowing the nozzle to
spray water, and the duration of the spray was set to 5 s to be able to obtain experimental data coherent
with the time step of the model. Indeed the spray cooling is a rather quick phenomenon that works on
a very small time scale (the spray can last even less than one second) being therefore extremely
difficult to model. In this particular case, the DAQ system did not allow, because of intrinsic

limitation, to acquire data with a sample time lower than 5 s. Consequently, the period of the spray



was set to 5 s to be coincident with the minimum possible time step allowed by the experimental

measurements.

Furthermore, considering that to the aim of validation, the cardinal quantity is the back temperature
of the PV module, this was acquired with a sample time of 5 s. All other variables, due to hardware
limitation, were acquired with a sampling of 1 min, but to provide consistency with data used as input
of the model, a linearization was performed obtaining interpolated data every 5 s in order to properly
distribute the experimental data on the model time steps. The monitoring campaign was conducted in
the summer months of 2020 from July to October. There was a scarce availability of data in August
since maintenance operations were conducted on the building roof causing the stop of the data
acquisition system.

The latter also registers every activation of the spray nozzles, providing an output file that was used

as input to the model so that the numerical simulation is coherent with the physical phenomenon.

2.2. Optical and radiative model
The solar radiation per unit surface that is absorbed from the PV cells is assumed to be given by [49]:
Geff = (Taf)n X (kb X Gb + kd X Gd + kT‘ X GT) (1)

where G, G4 and G, are the beam, diffuse and reflected radiation on the PV surface and k,,, k; and
k, are correction coefficients that account for the variation of the optical properties of the glass
surface (za) in the function of the directional aspects of the radiation components. The generic
correction coefficient is defined as [49]:

_ (@

T (to),

)

where (ta), is the product of front glass transmission coefficient 7, and the Pv cell absorption

coefficient apy, both evelauated for a normal incidence. The coefficient k., is clacualted distinctly for

the different components of the solar radiation [50] as:

kb:1+b0><< (3)

_1)
cos 6,

kd=1+b0><< @)

-1
cos 8, )



k—1+b><(1 1) 5
;= X\ zose. (5)

where b, is a constant that assumes different values according to the type of collector, set equal to
0.10 as suggested for single glazed collectors [36], 8,; and 6, are the incidence angle of diffuse and
reflected radiation, that can be calculated in function of the panel tilt angle according to the following

experimental relationships [49]:

6, = 59,68 — 0,1388 X 8 + 0,001497 x 2 (6)

6, = 90 — 0,5788 X f8 + 0,002693 x 2 )

whereas the incident angle of the beam component 8,, is determined analytically as [49]:

cos 0, = sin(L — ) sin§ + cos(L — B) cos 6 cos w (8)

where L is the site latitude angle, & is the solar declination angle and w is the hour angle.

2.3. Thermal model

The thermal model is based on the general heat equation; a partial differential equation that for the
proposed 1-D model can be written as [51]:

oT(x,t) _62T(x,t) .
e T TR0 ©)

pc

where p is the density, c is the specific heat capacity, k is the thermal conductivity of the material, T
is the one-dimensional temperature field over time, Q(t) is the internal heat generation and x is the
direction along with the thickness.

The internal heat generation is due to the solar radiation absorbed in the different PV layers. In
particular, for the nodes belonging to the glass layer, the front glass absorbs a share equal to ay, -
Gpy - Apy Where ay; is the front glass absorption coefficient, set constant to 0.05 [37] since it is

scarcely dependent on the incident angle. Heat generation is expressed per volume unit, therefore it
is calculated as [48]:



(10)

where the subscript pan refers to the whole area of the PV panel (1.66 m?) and Vg is the volume of
the front glass that, for the monitored module, is 0.0053 m®. In the PV cells, the part of the absorbed
solar radiation that is not converted into electricity (1 —mnpy) is completely dissipated in heat,

representing an internal heat source that can be expressed, per volume unit, as [48]:

apy *Tgr* Apy " G+ (1 —py)
Vey

Qpv = (11)

where Apy is the total area of the PV cells (1.47 m?), Vpy .oy is the total volume of the PV cells

(0.000498 m®), npy is the electrical efficiency of the PV panel, determined by the Evans equation
[52]:

Npv = Npvref ' [1 = &rer - (Tpy — Trer)] (12)

where npy ref IS the reference electrical efficiency, provided by the manufacturer, equal to 0.1487, T.e¢
is the reference temperature (298.15 K) and &, is the temperature coefficient of the PV cells that,
for poly-crystalline modules, can be set to 0.0043 K [52].

On the first and last node of the panel (front and back surface of the PV module) the convective heat
transfer is computed with Eq. (13) [53]:

Qconv = hconv (Tsurf - Tair) (13)

The convective heat transfer coefficient h.,,, account both for forced and natural convection. A
detailed methodology for their calculation is provided in Appendix B. The thermal properties of air
in the proximity of the panel surface are calculated according to the relations reported in Appendix
C.

The radiative heat losses for the front and back surfaces are accounted by means of a linearized

radiative heat transfer coefficient (h,,4) [37].

Qraa = hrad,surf—sink (Tpy — Tamp) (14)



where the subscript sink refers to the sky or the ground, respectively for the front and the back surface.

The ground temperature is assumed to be equal to the ambient temperature. If no data of infrared
exchanges with the sky are available, the sky temperature can be obtained from experimental
relationships in the literature [54]. In this study the Alnaser model [55] was employed since for the

specific case proved to be the most accurate:

Tsky = 0.6 * Tgyr (15)

Greater details on the choice of the appropriate sky temperature are reported in Appendix D where a
comparison between the different models is reported. To be noticed that sky temperature is essential

data for the calculation of the linearized radiative heat transfer coefficient.

2.4. Spray cooling model

Spray cooling is a rather complex phenomenon to model mathematically. Some approaches in the
literature considered the definition of a convective heat transfer coefficient for the spray, basically

neglecting the latent heat exchange, or globally incorporating it in the heat transfer coefficient.

Most of the works that model cooling phenomena are based on the definition of a convective heat
transfer coefficient obtained from ad hoc correlation of the Nusselt number often expresses as a
function of a fictive Reynolds number. Oliphant et al. [56] proposed a convective heat transfer
coefficient obtainable from the following relation for the Nusselt cooling number:

Nucoor = 32,5 X (Re*)*5! 10 < Re* < 1000 (16)

where Re is calculated as:

G XD
Re — spray (17)
HUw

and Dgprqy is the target surface diameter. Rybicki and Mudawar [57] proposed the following

expression for the Nusselt cooling number:

Nucoo = 4,7 X Re®%t x Pry*? (18)

where Pr,q¢er 1S the water Prandtl number and Re is calculated as:



_ G xXd3
Hw

Re

(19)

where d;, is the Sauter mean diameter.

In this work, a different approach was adopted. From experimental observation on the specific spray
cooling set-up, it was observed the cooling effect due to spray extends for a longer time, compared to

the simulation set timestep, and develops including two main phases:

1. When the nozzles activate, the dominant effect is the sensible cooling due to the impact of
water on the PV module back surface;

2. When the nozzles stop, the film of water on the back surface determines a dominant latent
heat exchange that causes the same water evaporation in different timesteps.

To determine both terms that contribute to the cooling of the panel, it is essential to estimate
beforehand the water flow rate of the nozzles.

To provide coherence between the simulated and experimental values, the time step of the model was
set to 5 s, equalling the minimum allowable sample time of the DAQ system. Furthermore, the
duration of each spray was also set to 5 s so that when the spray activates, it covers the entire duration

of the time step.

From the Bernoulli equation, considering an incompressible fluid, neglecting water velocity at the
inlet, and assuming no difference of height between the nozzle inlet and outlet it is possible to obtain
the spray outlet velocity u,,; that allows the calculation of the total outlet mass flow rate, and

consequently the mass of water for each spray:

Meoot = Myozzie * Atspray = Nnozzie * Pwat * Uout * Aout * Atspray (20)

Where 1,5 is the total number of employed nozzles, At 4, is the time duration of the spray, A,
is the nozzle outlet area and p,,,; accounts for temperature variation and it is calculated according to
the procedure reported in Appendix B.

A fraction of such mass does not reach the module back surface since:

= the spray cone is bigger than the PV back surface and some drops are lost;

= evaporation of a part of the spray occurs before reaching the PV surface;

= the bounce-back of some water particles that hit the surface.

So, it is possible to assume that at the end of the spray cycle (5 s) the effective mass deposited on the

PV back surface is:



PD) (21)

Mceooteff = Mceool * (1 - W

where PD is the percentage of the mass of water that does not reach the surface because of the
abovementioned aspects. Such quantity is left as a calibration parameter to set in order to improve
the accuracy of the model. Finally, the spray effective mass flow rate per unit area that determines a
cooling effect can be obtained as:

mcool,eff

A - A 22
APV X Atspray ( )

mcool,eff =

This mass produces a cooling effect that is attributed to the successive timestep. To consider the
evaporation and the drop of a part of the water film on the module back surface in the subsequent

iterations, a water mass balance is computed as:

p — . p1 _p-1 _ _p-1
mcool,eff _mcool,eff mevap mdrop (23)

where mgr_olp is the amount of “dropped” water at the previous timestep that does not remain on the

module surface, obtainable as:

PD) (24)

Marop = Meoot * (ﬁ

and mé’,,";p is the mass evaporated at the previous timestep because of the latent thermal exchange.

Such contribution is more difficult to estimate. There are in the literature several empirical
formulations that allow for evaluating the evaporated water flowrate for undisturbed fluids in the
function of the saturation pressure evaluated at the film temperature, of the vapor pressure of air at
external conditions and air velocity [58]. The methodology employed in the proposed model provides
the evaporation mass flow rate per unit area as:

(0,089 +0,0782 x ul ™) * (Pl —pi ) (25)
Meyap = Ap-1

where all the quantities are calculated at the previous timestep. The procedure for the evaluation of
Pw: Psat, @nd p, are reported in Appendix E. Once such flow rate is calculated, the mass to be used

in (23) can be simply obtained as:



= mg;alp * Atcoor * Apan (26)

Finally, the sensible and latent contributions can be added together to determine the total cooling
effect in the energy balance of the first node, determining the power extracted from the PV surface
as:

. . . . +1 +1 .
Ecooling = Esens + Elat = CPwater X Meooreff X (T:; - T£ater) + Aiae X Meyap (27)

where the term m.,,, is once again evaluated with Eq. (25), but this time computed at the current
time step p.

All the parameters used in the model are summarized in Table 4.



Symbol Description Value
Ibo Horizontal beam solar radiation Input file
Weather data ldo Horizontal diffuse solar radiation Input file
Tair Air temperature Input file
(ta)n PV absorption x Glass Transmission coefficient 0.82
Optical data Ol glass absorption coefficient 0.05
Esurf PV Emission coefficient (front/back) 0.95/0.85
B PV tilt angle 30°
L Latitude angle 39.3°N
Solar data
H hour of the day 1-24 h
n Progressive day humber 1-365
Apan Surface of the PV panel 1.66 m?
Geometrical Vi Volume of the glass sheet 0.0053 m?
data Apv Surface of the PV cells 1.47 m?
Vpv Volume of the PV cells 4.98:10* m3
NPV, ref Reference PV electric efficiency 14.87 %
Other data Twater Water Temperature Variable
oD Percentage of mass water that does not reach the For
back surface calibration

2.5. Energy balance method

Table 4. Parameter used in the model

The model is based on the energy balance method, performing for each timestep a balance between

the energy entering, leaving, generating and accumulating into the considered volume [37].

Ein + Eg = Est + Eout

(28)




where E,, is the energy entering the control volume, E,,; is the energy leaving the control volume,

Eg is the heat generated into the volume and E, is the energy stored in the control volume.

Spray cooling

Radiation

S
RO P
o2

=

Fig. 4. Schematic representation of the nodes heat balances

Applying the Finite Difference (FD) method, the general heat equation is approximated with an
algebraic equation, choosing for the model an implicit time scheme so that the spatial derivatives of
the heat equation are solved at the future time (p+1). The PV panel was discretized in 161 nodes
along with its thickness. The number of nodes was initially chosen in order to have the possibility to
properly represent all the layers of a PV panel. Some of these layers (such as Tedlar and EVA) have
such a small thickness that it is necessary to define a very small Ax to keep them into account. This
was the main criterion in defining the minimum number of elements. Furthermore, a series of
preliminary simulations allowed to see that a further increase in the number of nodes, did not produce

noticeable variation in results.

The equations cannot be solved directly and after writing the energy balance for each node, a system
of n algebraic equations is obtained, where the nodal temperatures are the unknown quantities at each
time step.

In the following, some equations referring to the most representative nodes are reported. It must be
noted that all energy exchanges are assumed to be positive, therefore there are no terms relating to

energy leaving the node.
For the top surface node:

Tp+1 _

. + Tp+1
Ei, = kgl . <mlA—Xm> + heony (Tair - TII;)'1+1) + hrad,gl—sky ) (Tsky - TIII)1+1) (29)

p+1
+ hrad,gl—ground ’ (Tground ™ )



Ax
2

. Axy\ (TP2*'_TP
B = (0 a7 ) (P

Eg :le'

and rearranging the terms:

+1 Pel'Col'AX  Kg +1 Kg)
Trlrjl ) ( . ZAgt + A_gx + heony + hrad,gl—sky + hrad,gl—ground) - Tr?)—l ) (A_i) = (Tair * heony + ( )
30
. Ax Pol Col"AX
Tsky ’ hrad,gl—sky + Tground ’ hrad,gl—ground + le ’ ?) + (%) ’ Trlr)l
For interior PV nodes:
. Tp+1_Tp+1 Tptl _Tp+1
b= () ()
Eg = QPV - AX (31)
. P+ _op
Egtor = (ppy ~ Cpy * AX) - (mA—tm)
and rearranging the terms:
kpy p+1 Kpv | epvcpyAX p+1 Kpy p+1 _ (. epv-cpv-AX)  —p
— (FRy) - TR + (23R 4 GevSevR) . bt (B0) P = (Qpy - Ax) + (TEEC) R (32)

Different nodes are modeled as interfaces between two different materials. For instance, for the EVA-

Tedlar node the energy contributions are:

p+1 p+1 p+1 p+1
B = koo - Tnig =T + Kooy - Tn1 =T
m EVA AX ted AX

E,=0 (33)

. Ax\ (TP*'_TP Ax\ (TP*' TP
Ege = Peva * CEVA* 7 ) At + | Pieq * Cted 7 ) At

and applying the energy balance and rearranging the terms it is possible to obtain:



Keed p+ kgva Kied p+1 Kgva p+1 _
- ( ;() Tm [ Z\)]( + e + 2 At " (PEVA " CEVA T Pred * Cted)] T _( Z‘:( )'Tm+1 - (34)
Ax
(ZM) (PEVA * CEVA + Pred " Cted) * T

the EVA-PV cell interface node has the following terms:

P+l _pp+l p+1_

r —im Tm— Tna-H
Eiyp =kpy - (—m+1Ax ) + kgya - (—1Ax )
. A
E g= Qpy - 7x (35)

. _ Ax\ (TEY'-TP Ax\ (ThT-Th
Estor = \Ppv " Cpy 5 AL PEva " Ceva Y

and applying the energy balance and rearranging the terms it is possible to obtain:

kEVA) p+1 [ kPV kEVA] p+1 (ka) p+1 _ Ax
(Ax Tol1 + |5eme (PEva“ Covatppy - cpy) + —+ == | T, ) o = 5oa

N (36)

(Peva " Cevatppy - cpv) - Th + Qpy - >

Finally, and more importantly, the energy balance of the bottom node (back surface of the PV panel),

accounts for the cooling contribution due to water spray (Eg. (27)) and is made of the following terms:

+1 +1
B =y (Mot T heony * (T, T2 + h (Tgey — T2
in — Bted T + heony ( amb = Im ) + rad,ted—sky ( sky = m )

+1 +1 +1
+ hrad,gl—ground ' (Tground - Té)l ) - (pr : Gfilm . (T,z,)l — Tve )

+ Aat mevap) (37)

. Ax\ (TE*' TP
Eg = (pted * Ced 7) T

Applying the energy balance and rearranging the terms it is possible to obtain:

Kted Pted Cred Ax p+1 Kted
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After writing the energy balances for all nodes of the domain a system of linear equations is obtained.

The nodal equations are arranged in matrix form as follows:

[AI{T} = {B} (39)

where [A] is a nxn tridiagonal square matrix of lumped terms multiplying the nodal temperatures,
{T} is the unknown nodal temperatures nx1 vector and {B} is a nx1 vector of known terms not
associated with any variable.

b+l
[ A A Ae (B ()
I Azx Az Azn-1 Azn I Ty { . }
5 3 1P =9 (40)
lAn_l 1 An—12 An—ln—l Al’l—l nJ Tp+1 : I
' e ' ’ n-1 B,_1
An An An,n—l Ann kaEH—lJ L B, J

The thermal model was then implemented as a numerical code trhough Python language, where
external experimental data for boundary conditions were imported and the unknown nodal

temperature vector was solved for each time step.

2.6. Uncertainty analysis

The numerical model developed requires as input data some climatic and meteorological quantities.
In particular, it must be provided the external air temperature and relative humidity, the wind speed,
the intensity of the direct solar radiation incident on the normal plane, and the intensity of the global
solar radiation on the tilted plane. These quantities are measured by means of different instruments
installed in the experimental site. Each instrument has a different accuracy and generates errors in the
measurements that affect the goodness of the final results [27]. In order to evaluate the influence of
the errors of the individual measured quantities on the final results, the theory of uncertainty
propagation (or error propagation) is applied. This methodology allows for evaluating the effects of
the uncertainty of the independent variables xi on the property R based on them. The procedure to
calculate the propagation of the error is proposed by Kline and McClintock [59]. Considering a

generic quantity:

R=R(x1 + x5 + -+ x4) (41)

where the x; are the independent variables, it is possible to determine the global uncertainty by means
of:

_OR __OR OR 42



where the wi are the uncertainties of the single measuring instruments. In the engineering field, by
applying the theory of error propagation to simple functions, it is possible to apply the following

formula to determine the global uncertainty:

(43)

For the case in question, the uncertainties of the measuring instruments used are summarized in Table
5!

Table 5. Percentual accuracy of the sensors

Percentage accuracy

Property [%]

Air temperature 0,5
Air relative humidity 3

Wind velocity 2,5
Beam normal radiation 2
Global radiation on the tilted surface 2

Consequently, the global uncertainty for the examined case is equal to:

— 2|, 2 2 2 2 2 _ 0

2.7. Validation indexes

The accuracy of the model was evaluated by comparing experimental data acquired over a long
campaign of monitoring and simulated data from the model.

For a wider and strong validity assessment, different statistical indexes were considered:

= Root mean square error (RMSE), given by:

Yo (m; — e;)? (45)

RMSE =
d



where m is the modelled value, e is the experimentally measured value and d is the number of data

points. The lower the RMSE the greater is the accuracy of the model in predicting data.

= Root mean square error percentage (RMSEP), namely the root mean square error evaluated
in percentage on the measured data. Such an index normalizes the error compared to the

dimension of the considered parameter.

(e
RMSEP = |-~ @ (46)
d
= Mean bias error (MBE), given by:
d v — .
MBE = w 47)
dZi=1(ei)

through which it is possible to understand whether the model provides an overestimation (positive

sign) or an underestimation (negative sign) of the data predicted.

= Nash-Sutcliffe coefficient (NSE), given by:

Z?=1(mi —e)?

YL, (e; — M)? ()

NSE=1 -

Where M is the average value of the observed data. The NSE value can vary from -oo to 1: a value of
1 (NSE = 1) indicates a perfect correspondence between the modelled and observed data; a value
equal to 0 (NSE = 0) instead indicates that the predictions of the model are accurate as the average of
the observed values, while a value lower than zero (NSE <0) occurs in the case in which the observed
average estimates the results better than the model, in other words, when the residual variance,
represented by the numerator, is greater than the variance of the data, represented by the denominator.
The predictions of the model can be considered sufficiently accurate when the NSE index is greater
than 0.75.



3. Results and discussion

3.1. Validation of the model

Simulations with the developed model were performed for all the available days in the period of the
experimental campaign. To validate the model, the results of the simulations were compared with the
PV back surface temperature and output electrical power. Results of the comparison are reported in
Fig. 5 and Fig. 6, where some representative days were selected in July, September and October to
show the accuracy of the model in predicting temperature and electrical power. The trends of climatic

and meteorological quantities for the days examined are reported in Appendix E.

The figures show the good agreement between experimental and simulated data. The model can
accurately follow the trend of electrical power whereas a slightly lower accuracy is found for the
temperature. In particular, the model intends to show smaller oscillations when the cooling system
activates (at an average temperature of 40 °C on the back surface) whereas the system actually
produces greater temperature drops. It has to be considered that on the experimental module back
surface four temperatures are measured, and because of the bidimensional effect, a gradient on the
surface can be appreciated. The thermal model, being mono-dimensional, predicts a single
temperature assuming an isothermal back surface. This can cause the difference detected between
experimental and simulated data. Nevertheless, considering the overall trend, the accuracy is fairly

good.
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Fig. 5. Simulated and experimental trends of temperature and electrical power for selected days in
July
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Table 6. Daily correlation indexed for temperature and output electric power in the period of the experimental campaign

TEMPERATURE POWER TEMPERATURE POWER TEMPERATURE POWER

DATE RMSE RMSEP NSE RMSE RMSEP NSE DATE RMSE RMSEP NSE RMSE RMSEP NSE DATE RMSE RMSEP NSE RMSE RMSEP NSE

15/7/2020 | 1.30 0.0042 09730 266 03309 09988 12192020 1.07 00035 009811 176 02870 09993 0510/2021 133 00044 09573 293 02216 0.9955
16/7/2020 | 1.29 00042 09712 238 03181 09991  13/9/2020 1.26 00041 009801 230 04654 09991 06/10/2021 150 00049 09532 394 03502 0.9970
17712020 | 1.34 0.0044 09710 253 03957 09988 14/9/2020 1.07 00035 09836 213 04604 09992 07/10/2021 101 00034 09081 173 03698  0.9915
18/7/2020 | 1.39 0.0046 09669 279 03084 09982 15192020 131 00043 09643 1.87 03388 09982 08102021 153 00051 09752 623 03539  0.9934
19/7/2020 | 1.43 0.0047 09715 304 02820 09982 16/9/2020 131 00043 09738 217 03279 09984 09/10/2021 23> 00074 09652 544 03741  0.9955
20/7/2020 | 1.17 00038 09821 429 05258 09971 17/9/2020 117 00039 09533 273 03687 09932 11/10/2021 189 00063 09665 523 03001  0.9956
21/7/2020 | 1.24 0.0040 09757 222 03684 09993 1g/9/2020 1.22 00040 09756 3.03 03783 09984 12/10/2021 75 00026 0.8797 150 06213  0.9834
22/7/2020 | 1.33 00043 09717 251 03888 09990 19/9/2020 108 00035 09851 302 02479 09985 13/10/2021 137 00043 09755 442 04154  0.9953
23/7/2020 | 1.33 0.0043 09640 210 03276 09993 0/9/2020 1.28 00041 009760 292 02672 09985 14/10/2021 g0 00031 09740 235 02166  0.9942
247/2020 | 1.49 0.0048 09540 218 03381 09992 21/9/2020 1.33 00043 09700 303 03277 09984 15/10/2021 18> 00061 0.8990 445 03514  0.9887
25/7/2020 | 1.48 0.0048 09598 204 03457 09993  22/9/2020 1.34 00044 009630 294 02730 09975 16/10/2021 177 00042 09764 548 03262  0.9940
26/7/2020 | 1.62 0.0053 09525 407 04293 09973  23/9/2020 117 00038 009647 281 02950 09980 19/10/2021 142 00048 09852 418 01908  0.9976
27/7/2020 | 1.24 0.0040 09739 221 03621 09993  4/9/2020 117 00038 009786 466 04268 09963 20/10/2021 163 00056 09837 579 03126 0.9945
28/7/2020 | 1.13 0.0037 09788 238 03928 09991 25192020 1.22 00040 09710 323 04141 09984 21/10/2021 180 00062 09814 663 03469  0.9929
29/7/2020 | 1.30 0.0042 09654 202 03601 09993 27/9/2020 1.37 00045 09681 410 02374 09959 22/10/2021 213 00073 09739 554 05858  0.9951
30/7/2020 | 1.38 0.0045 09604  1.92 03015 09994 2g/9/2020 163 00055 09220 4.69 04876 09922 25/10/2021 113 00038 09739 387 03374  0.9930
31/7/2020 | 1.38 0.0045 09513 170 04083 09992 29/9/2020 1.65 00054 09670 4.86 0.3338  0.9966 26/10/2021 203 00068 0.9494 470 02594  0.9940
01/8/2020 | 1.42 00046 09434 322 03410 09981 O0V10/2021 3177 00058 09705 433 03221 09971 27/10/2021 150 00052 09636 425 04602 0.9883
02/8/2020 | 1.42 00046 09544 199 03067 09994 02102021 095 00031 09909 390 06617 09976 28102021 113 00038 09517 1.97 03938  0.9938
10/9/2020 | 1.09 00035 09825 200 04144 09994 03/10/2021 126 00041 09783 339 02970 09959 29/10/2021 147 = 00049 09777 643 03590 0.9925

11/9/2020 | 1.26 0.0041 09744  1.98 0.4677  0.9993 04/10/2021 147 0.0048 09585  3.72 03075 09975 30/10/2021 171 0.0056 09741  6.50 0.2887  0.9903




Further confirmation of the accuracy of the model in predicting the working condition of the cooled
PV panel appears from previous Table 6 which reports the daily correlation indexes evaluated for the
whole period of the experimental campaign. The indexes are separately calculated for temperature
and electric power. It can be appreciated how in the hot months of July and August, the RSME does
not overcome the value of 1.62 °C. The correlation index NSE assumes always high values ranging
from 0.934 to 0.9821 and therefore demonstrates a good correlation between experimental and
predicted values. The mean square error in the case of electric power reaches a maximum of 4.3 W

but the NSE assumed higher values, from 0.9971 to 0.9994, indicating an excellent correlation.

In September, the results for the temperature and power provided mean square errors and NSE values
in the same range as July and August. In October slightly lower correlations were appreciated, with
a maximum RMSE of 2.2 °C and NSE values in the range between 0.8797 and 0.9852. Again the
predicted power showed a more accurate correlation with an NSE ranging from 0.9834 to 0.9976,
even though a maximum RMSE of 6.63 W was observed.

3.2. Analysis of the cooling phenomena

To assess the effect of the spray cooling on the PV panel, a more detailed analysis was conducted to
highlight the sensible and latent heat extracted from the panel back surface and compare it with the
case of a traditional non-cooled panel. Fig. 7a shows the trends of radiative, convective, accumulated,
and conduction thermal power for the traditional PV panel back surface node in one day of July. The
trends of some climatic and meteorological quantities are reported in Appendix E for the examined
day. As can be expected, in absence of cooling systems, the major term of the energy balance during
the insolated hours of the day is due to the heat transferred from upper interior nodes by conduction,
and once it reaches the back surface of the panel it is dissipated through convection and radiative
exchanges with the sky and the surrounding ground. The conductive term reaches a maximum of
around 400 W/m? in the central part of the day and displays a typical bell-shaped curve, symmetric
to noon. The radiative heat transfer amounts at most to 150 W/m? (in absolute terms), whereas the
convective term overcomes the 200 W/m? (in absolute terms). The heat accumulation into the node
IS, as expected, almost negligible. When the cooling system is added to the model, the sensible and
latent heat exchange terms appear, strongly modifying the thermal balance of the back surface node
(Fig. 7b).
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Fig. 7. Energy balance contributions on the first node of the panel (back surface) 16" of July. With

cooling system a) and without cooling system b)

It clearly appears how both sensible and latent contributions play an important role in the node energy
balance. After the sunrise, before reaching the temperature activation threshold, there is neither
sensible nor latent contribution and the conductive heat coming from upper nodes is dissipated again
through convection and radiation to the external environment, while the stored heat assumes a
negligible value. Once the back surface temperature reaches 40 °C the spray cooling activates and the
related energy terms appear in the balance. After the spray activation, the heat transferred from upper
nodes is mainly dissipated by the water spray and consequently, convection and radiation assume

more modest values.

Fig. 8 reports, in more detail, the energy contributions for the selected day of 16" of July at two
different times of spray activation; in particular, the first activation of the day and the one with the
highest heat extraction. At the time step in which the spray occurs the sensible heat transfer booms to
a considerable high value, then gradually tends to zero in the following iterations. In the successive
time step, the latent contribution appears providing also an important rate of heat transfer. Because
of the temperature drop induced by the cooling of the back surface, a high temperature gradient
between the last two nodes of the panel is established, and consequently, the conduction term assumes
significant values, reaching 700 W/m? in the first case and 1532 W/m? in the second one. The sensible
heat flux shows a peak of 483 W/m? after the first spray of the day and 1173 W/m?in the second case.
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Fig. 8. Energy balance contributions of the back-surface node on 16" of July at two different times

of spray activation

In both cases, the sensible contribution overcomes the latent one for a few timesteps, and after that,
the latent term becomes predominant with a heat flux almost constant around 200 W/m? for the first
spray and slightly lower than 400 W/ m? for the spray with a maximum cooling effect. The sensible
heat transfer, being related, aside from the available water flow rate, to the temperature difference
between the panel back surface and the film of water on it, swiftly tends to vanish (around 20 time-
steps) because, after the initial dramatic rise, the water film tends to quickly reach thermal equilibrium
with the panel surface. The latent heat transfer, instead, shows a more stable and prolonged trend
since it is only related to the mass of water on the panel surface and disappears when this is exhausted

because of the continuous evaporation.

The convective and radiative terms register almost equal values and show an almost flat trend for the
greatest part of the day. They are consistently lower than the values detected in the case of the not-
cooled PV panel with average values of 47 W/m? and 51 W/m? for the first spray and of 58 W/m? and

45 W/m? in the second case.



3.3. Comparison of the performance with a reference panel

An evaluation of the performances of the cooling system has been then performed by means of
simulations with the validated model, comparing the results obtained for a cooled and a reference

non-cooled PV panel.
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Fig. 9. Comparison of the efficiency between the case of uncooled module and the case of cooled

module and their average values on a typical clear day a) and on a typical cloudy day b)

Fig. 9 reports a comparison between the daily pattern of the efficiency for the reference non-cooled
module and for the cooled one on a clear day (16" July) and a cloudy day (18" July). Furthermore,
the same graphs show the average values calculated in the time interval in which the cooling is active.
In the clear day, there is an evident improvement in efficiency over a very long period (between 8:30
and 16:00). The average efficiency increases in both cases by 0.7 percentage points but with a
maximum difference of 1.15 percentage points on a clear day and 1.44 percentage points on a cloudy

day.



Fig. 10 shows the box plots representing the distributions of the average percentage differences of the
hourly efficiencies (a) and percentage differences at midday (b) between the reference and the cooled
module for different summer months
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Fig. 10 Box plots representing the distributions of the average percentage differences of the
efficiencies (a) and percentage differences at midday (b) between the reference and the cooled

panel for different summer months

It can be observed how the benefit obtainable with the cooling system increases in hotter months with
greater incident solar irradiation, reaching maximum increases of about 5.4% for the daily averages
and about 12% at midday. The lower differences obtained in August are attributable to the scarcity

of available climatic data for simulation, due to a temporary failure on the data acquisition system.

Furthermore, it is observed that in September and October there is a high dispersion of data with very
low minimum values, mainly due to a high number of days with low temperatures, low irradiation,
precipitation and adverse weather conditions that determine little increases from the cooling system.

In any case, the results on efficiency suggest that the cooling system performs well in periods



characterized by high air temperatures and solar irradiation, in which it is possible to obtain greater

increases in the conversion efficiency.

A final analysis considered the energy required to produce the cooled PV module and the evaluation
of the auxiliary energy needed to operate the cooling system. Error! Reference source not found.
shows the cumulative monthly values of energy production for both the cooled and reference PV
panel in the considered summer months. The table also reports the mean daily temperature of the cell
surface. On a monthly basis, an evident gain from the use of the cooling system appears. The greatest
increase of 2097.9 Wh is found in July, whereas the lowest of 860.3 Wh is observed in October.
Furthermore, the cooling system was able to maintain a lower average daily PV cell temperature, with

a maximum decrease of 4.80 °C in July, of about 3.62 °C in June and 3.26 °C in September.

In a precautionary manner the analysis considered the presence of a hydraulic pump with an electric
nominal power of 1 kW, to guarantee the necessary pressure for an optimal spray also in localities in
which specific conditions hinder an adequate level for spray cooling. The electrical consumptions of
the pump are reported in Table 8Error! Reference source not found., and are computed as the
energy employed for the activation of the pump to produce the necessary pressure for the the spray
operation time (5 s). The cumulative energy consumption is accounted considering the number of
spray activation for each day. Even in the case of the employment of a hydraulic pump it is possible
to obtain benefits from the cooling and therefore a positive net energy gain that reached the value of
1068.2 Wh in July.

Table 7. Monthly cumulative energy production and daily average cell temperature for the cooled
(PV_cool) and the reference (PV_ref) panels in the different summer months

Energy (Wh) Temperature (°C)

PV_ref PV_cool Pump Net gain PV_ref PV_cool
June 41366.8 43464.8 1196.0 901.9 28.9 25.3
July 42592.9 45387.0 1726.0 1068.2 324 27.6
September 32893.2 34633.3 1069.0 671.2 28.4 25.1
October 27087.6 27947.9 475.0 385.3 21.2 19.6

Finally, Table 8 reports the total and average monthly water consumption and the average daily
number of activations of the spray. As it can be expected in hotter and more insolated months the PV
module reaches a higher temperature and consequently the number of sprays increases as well as the
total water consumption. To be noticed, however, that the particular nozzles chosen for cooling,
employed with the available water network pressure of 3 bar allowed to obtain a very low value of

water consumption, that did not exceed 0.5 m? in the worst case.



Table 8. Cumulative and average water consumption and average spray number in summer months

JUNE JULY SEPTEMBER | OCTOBER
Tot water consume [m?] 0.3396 0.4903 0.3037 0.1349
Mean water consume [m?] 0.0113 0.0158 0.0105 0.0045
Mean spray number 29 40 27 11

4. Conclusions

Assessing the temperature and output power of the PV system is essential especially when cooling
systems are applied. The literature has shown that water cooling is a very promising technique to
lower the panel operative temperature, and in this context, spray cooling appears a simple, not

expensive and effective system.

In order to be able to predict the thermal and electrical performances of spray-cooled PV modules,
the study proposed a novel thermal model for PV panels equipped with a back surface spray cooling
system. The latter was modeled after observing the phenomenon on an experimental setup located at
the University of Calabria which allowed to collect data with a short sample time of 5 s on a PV panel
equipped with two nozzles acting on the back surface. The 1-D thermal model was based on the
energy balance method; the PV panel was discretized in 161 nodes where the general heat equation
was approximated with an algebraic equation applying a Finite Difference (FD) method with an
implicit time scheme, finally obtaining a system of algebraic equations which solution allowed to
know the thermal field across the panel thickness. The model was then experimentally validated and
used for an analysis of the phenomenon and the performance of the PV system. The results obtained

are summarized below:

e An innovative methodology to model the term related to cooling appearing in the energy balance
of the photovoltaic panel was proposed. The spray cooling model accounts for both sensible and
latent heat extracted from the panel back surface, implementing a water mass balance at each time
step, allowing add the cooling terms into the energy balance of the back surface node.

e The model was by data acquired over a long campaign of monitoring of an experimental set-up,
using different statistical indexes to assess model results reliability. Although the complexity of
the physical phenomena involved in the cooling process, the thermal model proved to be reliable
in predicting the panel temperature with RSME that did not overcome 1.62 °C in July and August,
and NSE values ranging from 0.934 to 0.9821. The errors proved to be even lower when
predicting electric power with NSE ranging from 0.99834 to 0.9994, in the whole analyzed period,

from July to October.



e A detailed analysis of the cooling phenomena highlighted the high values of exchanged sensible
heat right after the spray, reaching the value of 1173 W/m? on a day of July, and that it swiftly
tended to vanish after a few time-steps. The latent heat transfer, instead, showed a more stable
and prolonged trend and disappeared after the complete evaporation of the water film on the panel
back surface.

e The monthly water consumption from the cooling system is very low with a total monthly amount
of 0.49 m® in July. Furthermore, the system was able to determine an energy increase of 2.8 kWh
in July, with an average temperature drop of 4.8 °C. Even in the worst-case scenario of the
adoption of a 1 kW pump to establish the required water pressure it is still possible to achieve net
energy gain.
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Appendix A. Calculation of solar radiation on a tilted surface

The total solar radiation on a tilted surface G is the sum of three components, namely beam, diffuse
and reflected radiation [34]:

G=Gy+Gy+G, (49)

The beam component is obtained from the beam radiation on the horizontal plane I, as follows [34]:

coS i (50)

Gy, =10 Rp = Ipp-
b = tbo " Hp = Ibo "

where R, is the beam tilt factor, i is the solar incidence angle and « is the solar altitude in the sky.
Assuming the sky as an isotropic source of diffuse radiation, the diffuse component on the tilted
surface is obtained from the diffuse radiation on the horizontal plane 1, [34]:

1+ cosp

> (51)

Gg =140 Rqg =1Igo "

where Ry is the diffuse tilt factor and g is the surface tilt angle. Finally, the reflected component is
obtained from the sum of the beam and diffuse radiation as [34]:
1—cospf
Gy = (Ipo *+ 1ao) "Ry = (Upo + 1go) "p - ————
2 (52)

where R, is the reflected tilt factor and p is the albedo of the surrounding surface.

Appendix B. Surface convective and radiative heat exchanges
The Nusselt number for natural convection for the specific configuration is given by [47]:

0.76 - Ral/* for 10* < Ra < 107

53
0.15-Ral/3 for 107 < Ra < 3-10%° ®3)

Nuye = {

where Ra is the Rayleigh number determined as the product between the Grashof (Gr) and the Prandtl
(Pr) number [31]:



_ g Cair * (Tsurface - Tair) ) l?:h

2
Vair

Gr

(54)

Cqir " Vgir " i
Pr = air air " Pair (55)
kair

where vair IS the air Kinematic viscosity, Cair iS the air specific heat capacity, Kair is the thermal
conductivity of the air left constant to 0.026 W m™K, g is the gravity acceleration, Cair is the
volumetric coefficient of thermal expansion set to Trim >, Tsurf is the PV (front or back) surface
temperature, Tair is the ambient temperature and lcn is the characteristic length of the PV panel,
determined as [48]:

A
leh = 4 = (56)
1:)Parl
The natural convection heat transfer coefficient is then obtained as [45]:
Nu t " k i
hconv,nat g M (57)
Ch
The Nusselt number for forced convection coefficient is given by [49]:
Nusor = 0,86 X Re/? x Prt/3 (58)
where Prandtl number is obtained from Eq. (13) and Reynolds number Re is given by[45]:
vy, X1
Re = W ¢k (59)
Vair

In the calculation of the convective heat exchange coefficient relating to forced convection, different

methodologies were analyzed [50] and the most accurate was selected for the case in question.

Once Nug,, and Nug,, are calculated, the global Nusselt number Nu is determined according to the

following cases as a function of the Archimede number [48]:



Nu = Nusorc if Ar = % < 0.01 Natural convection is neglected (60)
L

Natural and forced convection are
Nu = i/Nufmt +Nuf,.  if 0.01 < Ar <100 (61)
considered
Nu = Nuyg; if Ar> 100 Forced convection is neglected (62)

and then the total heat transfer coefficient can be obtained[45]:

Nu X kair (63)

Reony = I
ch

The linearized radiative heat transfer coefficient is obtained from the following expression, suggested
to avoid numerical instabilities [39]:

G'(Tszurf +T52ink)'(Tsurf+Tsink)
hrad,surf—sink: T=Esurf 1 (64)

T
&surf Fsurf-sink

where o is is the Stefan-Boltzmann constant, €4, is the emissivity of front/back surface of the PV
panel, (g4, is setto 0.95 and &4 is set to 0.85), Ty, is the temperature of the front/back surface,
Tsink 1s either the ground or sky temperature, and Fg,,-r_sinx the view factors for radiation from any

surface to the sky or ground. The view factors are defined as follow [31]:

1
l:gl—sky = E (1 + cos B)

1
l:‘g_;l—ground = E (1 —cosP)
(65)

1
l:‘ted—sky = E [1+ cos(m — B)]

1
Fted—ground = E [1— cos(m — B)]

Appendix C. Thermodynamic properties of water and air

The specific heat, density and latent heat of vaporization of water are obtained from the following
relationships, obtained by interpolation from tables of textbook [51]:



Cpwater = 30721617 X 10712 X TSqrer — 5.7980888 X 107 X T3ycer

+4.5583002 X 1076 X T/ yrer — 0.0019109851 X T3 4er (66)
+ 045064221 X TZqer — 56.68556 X Tyqrer + 2976.163

Pwar = 1.4685559973 x 1077 x TS, + 2.7421045035 x 1076 X T4,
+2.1299003942 X 1073 X T;t4; + 8.8085555312 X 1071 x T3,

(67)
+2.0455700597 X 10+2 X T2, + 2.5289081167 X 10** X T,qy
+1.3012338754 x 10+°

A=2%X10"5X T3 00 — 0,0032 X T2yrer — 2,2595 X Typurer + 2501 (68)

The specific heat, density, thermal conductivity, dynamic viscosity and kinematic viscosity of air are
obtained from the following relationships, obtained by interpolation from tables of textbook [51]:

Cair = —2 X 1078 x T;*ilm +3 %1075 x Tfilm —0,014 x szilm +2,9674 X Ty

(69)
+ 767,63
0,026 X Triim
k. =— ‘" 70
ar 293,15 (70)
Pair = —0,0039 X Tfjpy + 2,3419 (71)
Uair = —3 X 10711 x szilm +6x1078 x Tritm + 2 X 1076 (72)

Vair = 9X 107 X T3y, +4 X 1078 X Tpjpp +2 x 1076 (73)



Appendix D. Comparison between the different sky models.

A comparison between the various formulation to calculate the sky was conducted to identify the

most suitable one for the location considered in the study.

The experimental models proposed in the literature can be divided into direct models, in which the

sky temperature can be directly determined as a function of the ambient temperature and air relative

humidity, and models based on the emissivity coefficient of the sky &sy. In the latter case, the sky

temperature is determined by [40]:

0,25

Tsy = Esky X T, (74)
Some of the most relevant models, analyzed in the study, are reported below.
Atmospheric emissivity models
Eq. Model Author Ref.
1 £5y=0.8004+0.00396Tgp Bliss
2 sy=0.711+0.56"(Tqp/100) + 0.73-(Tp/100)? Berdahl and Martin
3 &sky=0.741+0.0062 Ty Berdahl and Fromberg
4 esky=0.77+0.0038" Tap Berger et al. [40]
5 &sky=0.787+0.764 log((Tap+273.157) / 273) Clarc and Allen
6 £5y=0.34+0.11-P,0® Robitzsch
7 £5y=0.48+0.058-P,%5 Angstorm (Algeria)
8 £dy=0.56+0.08" P,05 Centeno [52]
Direct temperature models
9 Tsy=0.6'Ta Alnaser [41]
10 Tey=0.0552-T4° Swinbank
[40]
11 Teiy=Ta-20 Garg

The following figure reports the results for a single day of July where the sky temperature was also

obtained from experimental measurements of longwave radiation exchanged with the sky made by a

pyrgeometer, assuming the sky as a black body according to [53]:

0,25

T = (5)

(75)
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It can be seen that many models are unable to replicate adequately the trend of the measured sky
temperature, while some show a certain accuracy only at certain times of the day. It should be noted
that no one of the literature models is able to provide an accurate sky temperature for the specific
climatic conditions considered. Such temperature can vary rapidly and is linked to complex and
difficult atmospheric phenomena. After performing a series of preliminary simulations for different
days the formulation proposed by Alnaser [41] was adopted since it was able to provide the highest
correlation indexes for back surface temperature and electric power and was therefore considered as

the most appropriate.

Appendix E. Evaluation of the evaporated water rate
The air saturation pressure at the film temperature is evaluated as:

(17,269 X Tyim)
(237,7 + Trim)

Psw = 610,5 X expl (76)

where Ty, is the average between surface and water:



T. + T,
f
Tritm = == > = (77)

The air vapor pressure is obtained from air relative humidity RH and air saturation pressure at air
temperature p; 4 [45]:

RH X pg,

100 (78)

Pa =

where p; 4 IS given by:

610,5 X (17,269 X To) (79)
= 5 X exp |[———
Psa Pl"237,7+T1)

Appendix F. Climate and meteorological data examined days

In the following are shown the trends of the climatic and meteorological quantities relating to the

days previously analysed are reported.
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A novel thermal model including spray cooling for PV panels was proposed
The model was validated with experimental data
An accurate analysis of the cooling phenomena was conducted

The average efficiency in summer increased by 5.4 %
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