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Abstract

In this paper a theoretical model, which integrates both thermal and electrical aspects, has been developed in order to analyze an
unglazed Photovoltaic (PV) module with water cooling. The coolant flow induces higher conversion efficiency due to lower temperatures.
However, a non-uniform temperature field of solar cells arises with a consequent impact on their electrical parameters and the corre-
sponding power losses are investigated. Outdoor experimental tests have been carried out to indirectly estimate the temperature of
the solar cells at known conditions of irradiance and ambient temperature and to characterize the PV module at Standard Test Condi-
tions (STC). In the outdoor characterization of commercial PV modules without cooling, the current–voltage curves are corrected to
STC with a standard procedure, for comparing them with the manufacturer datasheets. In this paper, it is experimentally verified that
the STC can be reasonably reproduced in the field in clear sky conditions thanks to a suitable cooling. Finally, by means of daily sim-
ulations, the performance improvement with variable coolant flow rates, for two reference sites at different climates, is investigated in
details.

Keywords: Photovoltaic modules; Thermal–electrical model; Water cooling; Experimental tests
1. Introduction

Only a fraction of solar radiation is converted by Photo-
voltaic (PV) systems into electricity, while a large part of
the thermal energy is wasted and contributes to the increase
of solar (or PV) cell temperature. As a consequence, the
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electrical efficiency drops (Platz et al., 1997; Kalogirou
and Tripanagnostopoulos, 2006; Chow, 2010; Spertino
et al., 2014) because the performance of solar cells depends
on their ambient conditions, among which the cell
operating temperature plays a major role. In general, the
PV efficiency loss with temperature depends on the type
of cell. A linear dependence of the electrical performance
on the operating temperature has been indicated in various
references (Kawamura et al., 1997; Omubo-Pepple et al.,
2009; Suresh et al., 2013). An indicative value reported in
SEI (2004) for the reduction of crystalline silicon (c-Si) effi-
ciency with unitary temperature increment of the solar cell
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Nomenclature

Acronyms

AM Air Mass
ARC Anti Reflective Coating
CHP Combined Heat and Power
DC direct current
MPP Maximum Power Point
NOCT Nominal Operating Cell Temperature
PC polycarbonate
PCM phase change material
PV Photovoltaic
PV/T Photovoltaic–Thermal
SAHP Solar Assisted Heat Pump
STC Standard Test Conditions
TE thermoelectric
TPU thermoplastic polyurethane

Symbols

A matrix
A heat transfer surface (m2)
b vector
c specific heat of water (J kg�1 K�1)
d hydraulic diameter of water flows passage (m)
EG energy gap (eV)
EG0 energy gap at 0 K (eV)
G solar irradiance (W m�2)
h surface heat transfer coefficient (W m�2 K�1)
I current (A)
k thermal conductivity (W m�1 K�1)
Kph spectral-response parameter
m diode ideality factor
n step counter
p perimeter (m)
P electric power (W)
q electron charge ð1:60217646 � 10�19 CÞ
_q heat flux (W m�2)
R module electrical resistance (X)
s thickness (m)
S surface (m2)
SR spectral response (A W�1)
T temperature (K)
T sky sky temperature (K)
U overall heat transfer coefficient (W m�2 K�1)
_v volume flow rate of water (l h�1)
V voltage (V)
x; y; z space variables
x vector for linear system solution
X, Y height and width of the alveolar

polycarbonate layer (m)
w water velocity (m s�1)
Z space derivative of the water temperature (K m�1)

Greek symbols
a absorptivity (–)
aIsc short-circuit current coefficient (A �C�1)

b tilt angle of PV module (�)
bUoc open-circuit voltage coefficient (V �C�1)
cP maximum power coefficient (% �C�1)
d power increase (%)
e polycarbonate emissivity (–)
g efficiency (–)
j Boltzmann constant ð1:3806503 � 10�23 J K�1Þ
k wavelength (lm)
l dynamic viscosity of water (kg s�1 m�1)
m kinematic viscosity of water (m2 s�1)
n real power gain (%)
q density (kg m�3)
r Stefan–Boltzmann constant ð5:67 � 10�8 W m�2 K�4Þ
s transmissivity (–)
u constant depending on the cell material
U solar spectral emissive power (W m�2 lm�1)
v power loss (%)
w constant depending on the cell material

Superscripts

T transposition
iso isothermal

Subscripts

a ambient
alv alveolar
ag air–gap
C cell
c cross-sectional
cond conductive
conv convective
D diode
el electrical
G gap
I ideal
in input
inw inlet water
max maximum
mpp at maximum power
NC without coolant
oc open-circuit
pc polycarbonate
ph photo-generated
PVm PV module
R real
rad radiative
ref reference value, at reference temperature
s surface
ser series
sc short-circuit
sh shunt
t thermal
w water
0 reverse saturation



is �0.5 % �C�1, similar to the value (�0.45% �C�1) found
by Skoplaki and Palyvos (2009). In particular, there is a
reduction of both operating voltages (both at open circuit
and maximum power conditions) and fill factor, but a
slight increase in the short-circuit current (Zondag, 2008).

For this reason, it is necessary to improve the heat dis-
sipation of the PV module (Ye et al., 2013; Du et al., 2013).

In the previous years, many theoretical and experimental
studies have been performed in order to design cooling sys-
tems for PV modules. One of the most efficient solutions is
to combine a standard PV module with a liquid flow heat
exchanger into a hybrid Photovoltaic/Thermal (PV/T) sys-
tem. Following this approach, it is possible to produce at
the same time warm water and electricity with better electri-
cal conversion efficiency due to lower cell temperature. This
is an interesting example of a simple, clean and potentially
cheap Combined Heat and Power (CHP) system, which is
particularly useful when a limited roof space is available.

A contribution by Zondag et al. (2003) reported the
results of comparing a conventional PV module, an
unglazed PV/T module and a glazed PV/T module, result-
ing in average annual electrical efficiency values of 7.2%,
7.6% and 6.6%, respectively.

In the unglazed solution included in the integrated solar
home system presented in Krauter (2004), the PV module is
connected to a water tank that provides the PV system
cooling by using an ‘‘extended heat capacity”. The cooling
effect determines a temperature reduction of about 20 �C
with respect to a conventional system, leading to an electri-
cal yield increase of about 9–12%.

In this paper, a prototype mono-crystalline silicon
module has been tested to investigate the profitability of
water-cooling for higher efficiency and plastic-laminated
sandwich for lower weight instead of glass. Water cooling
provides the possibility to reproduce testing conditions
close to Standard Test Conditions (STC) which normally
are not found in practice. This paper addresses a number
of aspects referring to the characterization of this PV
module, referring to its structure, electrical and thermal
models, and performance assessment.

The next sections of this paper are organized as follows:
Section 2 recalls the distinction between passive and active
methods for PV panel cooling. Section 3 describes the
structure of the unconventional PV module and discusses
the effects of water cooling on the module. Section 4 illus-
trates the theoretical thermal–electrical models. Section 5
contains the characterization of the module by reproducing
the STC directly in outdoor experimental tests. Section 6
reports some numerical results regarding two reference
sites with suitable range of coolant flow rates. Section 7
presents the conclusions.
2. Methods for PV module cooling

There are two methods used for cooling the PV mod-
ules, namely:
� Passive cooling, requiring natural means associated with
specific design solutions to improve the heat removal
from the PV module, without requiring the use of
energy.

� Active cooling, using thermal control systems and
devices requiring additional energy to power these con-
trol systems and devices.

The basic cooling media for both passive and active
cooling systems are air and water. Due to its thermal prop-
erties, air is less efficient than water as cooling medium (Xu
et al., 2009). In order to obtain a similar level of efficiency
from an air cooling system with respect to the water cool-
ing system, the energy consumption to supply the fan in the
air cooling system has to be higher than the energy con-
sumption of the pump used in the water cooling system.
Active and passive cooling systems may coexist in order
to obtain better efficiency (Makki et al., 2015).

The analysis carried out in this study refers to PV sys-
tems without solar concentration and without recovering
the heat for thermal uses; the heat originating from cooling
the PV module is wasted to the ambient.

The characteristics of active and passive cooling systems
taken from recent literature contributions are summarized
below.

For passive cooling, heat is carried away from the PV
cells and is rejected into the environment (e.g., by natural
convection) (Royne et al., 2005). Classical design structures
require ducts, heat pipes or additional fins behind the PV
cell to make the natural circulation of air or water easier
(Brinkworth and Sandberg, 2006; Chen et al., 2014). A
comprehensive review of the methods used for thermal
management of PV systems has been provided in Makki
et al. (2015), by considering different cooling means like
air, heat pipes, liquids, thermoelectric (TE) devices, and
phase change materials (PCMs).

Active cooling is in general used both for achieving
higher electrical efficiency of PV cell and for making heat
available to nearby users. It is based on heat extraction
by using devices like fans to force air, or pumps to circulate
water to the backside of the PV modules (Bahaidarah et al.,
2013), for example by using circulating cooling water which
flows across a thermally conductive tube on which the PV
cells are placed (Lasich, 2002). Water spraying is also con-
sidered in some applications for PV module cooling
(Abdolzadeh and Ameri, 2009; Salih et al., 2015), especially
in arid regions with water scarcity (Moharram et al., 2013).
Active cooling systems enhance the heat transfer, typically
by convection. Active cooling is effective only when the
overall energy production increase is higher than the
energy consumption of the cooling device (Makki et al.,
2015). Another example of active cooling is illustrated in
Ueda et al. (2008), describing a water-cooled PV system,
with floating PV modules placed on the surface of a lake,
transferring power through DC cables to the inverters
mounted on the ground. The PV modules are cooled by
using a pump that draws water from the lake and a spray



system operating during the day. Comparison with a simi-
lar system placed on the ground leads to temperatures of
the PV system mounted on the lake 20 �C lower (and daily
energy output 12% higher) than for the PV modules located
on the ground. The pump consumption is relatively low,
making the cooling system quite effective.

Zhao et al. (2011) presents a PV/evaporator roof
modules-based heat pump system which operates at 10 �C
evaporation and 60 �C condensation temperature, to pro-
vide both electricity and space heating to buildings. The
results showed that this system can bring significant
improvement in thermal and electrical efficiencies. Under
the Nottingham (UK) operating condition, the module
obtained a thermal efficiency of 55% and an electrical effi-
ciency of 19%, while the module based on heat pump sys-
tem obtained an overall efficiency above 70%.
Evaporative coolers are used in Leow et al. (2014) for
decreasing the PV module temperature and raising the
power output. A direct current (DC) hybrid cooling system
is used, in which the air is maintained in constant motion
by means of a DC brushless fan, and a water pump main-
tains the water circulation at the backside and front surface
of the PV module. The fan and the water pump are sup-
plied by the power generated by the PV modules through
a battery system controlled by a battery charger.

Better solutions with active cooling may be obtained
using combined systems like PV/T (Photovoltaic Thermal,
or Hybrid) solar systems or PV-SAHP (Photovoltaic Solar
Assisted Heat Pump) (Gang et al., 2007; Xu et al., 2009;
Teo et al., 2012; Rossi et al., 2013; Elnozahya et al.,
2015). However, the required temperature levels are not
always consistent, so if high temperature heat is needed
the PV cell cooling effect will be limited. Other solutions
include micro-cooling by using both water and air
(Valeh-e-Sheyda et al., 2013).

Direct quantification of the energy consumption to
operate the pump or fan for active cooling is generally
not indicated. A very small value (44 W h/month) is
reported in Elnozahya et al. (2015) for the water spraying
system. A few references contain information on the size
of the devices. In Salih et al. (2015) the power of the pump
for water spraying and circulation is 0.25 Hp (186 W). A
centrifugal pump of 1 Hp (746 W) input power is used in
Moharram et al. (2013). A DC fan of 6 kW is mentioned
in Makki et al. (2015). Exploitation of a 5 kW heat pump
is reported in Zhao et al. (2011).
3. Structure of the PV module under study

The performance of the solar cells is typically assessed in
dark room by solar simulator at STC, where the mean tem-
perature of the module cells T STC = 298 K and the irradi-
ance GSTC = 1000 W m�2. This equipment simulates a
solar spectrum for a short time (<1 s) with Air Mass
(AM) equal to 1.5. Very often, in the datasheets of manu-
facturers, the short circuit current I sc, the current Impp and
the voltage V mpp in Maximum Power Point (MPP) and the
open circuit voltage V oc are provided with �10% tolerance,
but the maximum power Pmax; STC (in watt peak, Wp) is
guaranteed with �3% tolerance.

Normally, the manufacturers do not provide the infor-
mation regarding the thicknesses of the layers which com-
pose the PV module, because they are sensitive data. In the
present case, all thicknesses have been provided by the
manufacturer. The section of the PV module, sketched in
Fig. 1, includes the following layers: (a) polycarbonate
frontsheet; (b) thermoplastic polyurethane (TPU1); (c) 40
series connected m-Si solar cells with an Anti Reflective
Coating (ARC), applied on the m-Si solar cells layer in
order to reduce sunlight reflection; (d) thermoplastic poly-
urethane (TPU2); (e) a layer made of alveolar polycarbon-
ate ducts, filled with either air (see further Section 4.1.1.) or
water (Section 4.1.2); (f) an air gap; (g) a polycarbonate
backsheet.

The 40 solar cells are placed in ten rows made of 4 cells
per row; all the cells are series connected. In this applica-
tion, the coolant fluid is water flowing into the ducts.
Due to the presence of the coolant water circulation, the
alveolar polycarbonate layer behaves as a heat exchanger.
Fig. 2 shows a photo representing the layout of the water
cooled PV module and Fig. 3 shows its structure.

The main effects of the cooling system consist of a signif-
icant reduction of the operating temperature of the module
and the increment of the electrical efficiency.

A second order effect which represents a loss for the sys-
tem is related to the non-uniformity of the temperature
field. In fact, PV modules are made connecting solar cells
with current–voltage ðI–V Þ characteristics which should
be as similar as possible. If this condition is not respected,
as for example in the case of mismatch due to shading or
constructive tolerance, the overall module performance
may critically drop, due to the presence of different I–V
curves (Picault et al., 2010). The amount of losses gener-
ated when the cell temperature field is not uniform with a
consequent different voltage between the warmer and the
cooler cells is investigated in Sections 6 and 7.
4. Theoretical model

The direct measurement of the cell temperature in a
PV module is not practical. Indeed, the insertion of a
thermal probe is not advisable because it worsens the
adhesion of the sheets during the lamination of a PV
module. For this reason, a thermal–electrical model is
useful to estimate the cell temperatures and the electrical
quantities with and without coolant (Spertino et al.,
2014). In this model, the cell temperature depends on
irradiance and ambient temperature, for negligible wind
speeds. In turn, the electrical efficiency is a function of
cell temperature.

In this paper, the PV module characterization is given
by the thermal model, the electrical model and the determi-



Fig. 1. Structure of the PV module with the different layers without water flow.
nation of its equivalent-circuit parameters, as presented in
the following.
4.1. The thermal model

The thermal model is based on computing the heat bal-
ance equations in each layer of the PV module, for deter-
mining the unknown temperatures at the layer interfaces.
The thermal model is analyzed for two cases: PV module
without and with water flow and numerical computations
are performed in Matlab�.

The PV module can be considered as a multilayer plane
wall. The spatial references include: the x and y axes taken
on the layers interface surfaces, and the z axis orthogonal
to the interface surfaces (Figs. 1 and 4). The values of
design parameters are given in Table 1.
4.1.1. PV module without water flow
To analyze the thermal model in this case the following

assumptions are considered:
� The heat transfer through the PV module is in steady-
state conditions.

� The heat transfer is one-dimensional (1D), since any sig-
nificant temperature gradients will exist predominantly
in the z-direction normal to the PV cell surfaces.

� The thermal conductivities of the layers are constant.
� The thermal contact resistances at the interfaces are
negligible.

� The cell thickness is negligible, and the cell temperature
T C is uniform on the cell surface.

� The solar absorptivities aTPU and aPC for the thermo-
plastic polyurethane (TPU) and polycarbonate (PC) lay-
ers are negligible.

The energy balance equation at the interface between
ambient and polycarbonate frontsheet is expressed as:

kPC
s1

ðT 1 � T s1Þ|fflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflffl}
_qcond

¼ hconvðT s1 � T aÞ|fflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflffl}
_qconv

þ erðT 4
s1 � T 4

skyÞ|fflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflffl}
_qrad

ð1Þ

where s1 is the polycarbonate thickness, T 1 is the interface
temperature between polycarbonate frontsheet and



Fig. 2. Layout of the PV module with water cooling.

Fig. 3. Sketch of a PV module.

Fig. 4. Structure of the alveolar polycarbonate layer when the water flows.

Table 1
Design parameters used in the thermal model.

Thermal collector design parameters Value

Conductivity of polycarbonate (PC), kPC 0.2 W m�1 K�1

TPU conductivity, kTPU 0.2 W m�1 K�1

Thickness of PC front sheet, s1 0.3750 � 10�3 m
Thickness of the TPU1 sheet, s2 10�3 m
Thickness of the TPU2 sheet, s4 1.5 � 10�3 m
Thickness of the alveolar polycarbonate layer, s5 10�2 m
Thickness of the polycarbonate sheet, sPC 0.6 � 10�3 m
Thickness of the water duct, s 8.8 � 10�3 m
Air gap thickness, s6 10�2 m
Thickness of the PC backsheet, s7 4 � 10�3 m
Height of the PV module (water duct), X 1.42 m
Width of the water duct, Y 0.6 m
TPU1; T s1 is the polycarbonate frontsheet surface temper-
ature, T a is the ambient temperature, T sky is the apparent
sky temperature, and e is the polycarbonate emissivity with
0 < e < 1.

Linearization of fourth-power terms in Eq. (1) leads to
the well-known expression:
T 4
s1 � T 4

sky ffi 4T 3
m T s1 � T sky

� � ) er T 4
s1 � T 4

sky

� �
ffi 4erT 3

m T s1 � T sky

� � ffi hr T s1 � T sky

� � ð2Þ

where

hr ¼ 4erT 3
m ¼ 4er � T s1 þ T sky

2

� �3
¼ er

ðT s1 þ T skyÞ3
2

ð3Þ

is the radiative heat transfer coefficient.
By reordering Eq. (1), the energy balance equation at the

interface between ambient and polycarbonate frontsheet is
written as:

hr þ hconv þ kPC
s1

	 

T s1 � kPC

s1
T 1 ¼ hrT sky þ hconvT a ð4Þ



The apparent sky temperature T sky can be estimated by
using the following simplified expression which neglects the
atmospheric water vapor pressure (Duffie and Beckman,
1974; ASHRAE, 1999; Bernards, 2004; Notton et al.,
2005):

T sky ¼ 0:0552T 1:5
a ð5Þ

The energy balance equation at the interface between poly-
carbonate frontsheet and TPU1 is:

_q1;cond þ sPCG ¼ _qcond þ sPCsTPU1Gþ 1� sTPU1ð ÞsPCG

) kTPU
s2

ðT C � T 1Þ|fflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflffl}
_q1;cond

¼ kPC
s1

ðT 1 � T s1Þ|fflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflffl}
_qcond

ð6Þ

where G is solar irradiance, s2 is the TPU1 thickness, _q1;cond
is the conductive heat flux crossing the TPU1 sheet, and T C

is the cell temperature inside the module.
By reordering Eq. (5), the energy balance equation at the

interface between polycarbonate frontsheet and TPU1

leads to:

kPC
s1

þ kTPU
s2

	 

T 1 � kPC

s1
T s1 � kTPU

s2
T C ¼ 0 ð7Þ

In the case of the m-Si cell, an Anti Reflective Coating
(ARC) placed on the m-Si solar cells layer is considered
in order to reduce sunlight reflection. Furthermore, the cell
is an opaque surface and the solar absorptivity of cell is
considered aC ffi 1. Part of the global irradiance is con-
verted into electrical power and another part is trans-
formed into heat, leading to the increase of the cell
temperature T C. Consequently, the energy balance equa-
tion for m-Si solar cell of PV module is given by:

sPCsTPU1sARCð1�gelÞaCG¼ sPCsTPU1ð1�sARCÞG

þkTPU
s2

ðT C�T 1Þ|fflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflffl}
_q1;cond

þkTPU
s4

ðT C�T 2Þ|fflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflffl}
_q2;cond

ð8Þ

where gel is the PV cell electrical efficiency,sARC is the ARC
transmissivity, sPCsTPU1sARCgelaCG is the fraction of global
irradiance converted into electrical power, _q2;cond is the con-
ductive heat transfer flux crossing the TPU2 sheet, s4 is the
TPU2 thickness, and T 2 is the interface temperature
between the TPU2 sheet and alveolar polycarbonate layer.

By reordering Eq. (8), the energy balance equation at the
m-Si solar cell of PV module leads to:

kTPU
s2

þ kTPU
s4

	 

T C � kTPU

s2
T 1 � kTPU

s4
T 2

¼ ½ð2� gelÞsARC � 1�sPCsTPU1G ð9Þ
This heat balance equation, therefore, requires the

knowledge of the electrical efficiency gel, which is calculated
by the electrical model in Section 4.2.

Since the m-Si cell surface is opaque to solar radiation,
all thermal fluxes crossing the surfaces below the cell are
conductive heat transfer fluxes. The only exception is on
the interface between polycarbonate backsheet and envi-
ronment, where convective and radiative heat fluxes are
additionally involved.

The energy balance equation at the interface between
TPU2 and alveolar polycarbonate layer is:

kTPU
s4

ðT C � T 2Þ|fflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflffl}
_q2;cond

¼ U alvðT 2 � T 3Þ|fflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflffl}
_q3;cond

) U alv þ kTPU
s4

	 

T 2

� kTPU
s4

T C � U alvT 3 ¼ 0 ð10Þ

where T 3 is the interface temperature between the alveolar
polycarbonate layer and air–gap, U alv is the overall heat
transfer coefficient in the alveolar polycarbonate layer,
_q3;cond is the conductive heat transfer flux crossing the alve-
olar polycarbonate layer.

In the ducts of the alveolar polycarbonate layer, for the
present case, there is no water flowing inside the ducts, but
still air. Due to its small thickness ðs5 ¼ 0:0006 mÞ the poly-
carbonate sheet thermal resistance can be neglected with
respect to the air gap whose overall heat transfer coefficient
is estimated by the following expression (Holman, 2010):

U alv ¼ 1:42 � T 2 � T 3

2Y sin b

	 
0:25

þ 4 � 1
1
e1
þ 1

e2
� 1

r � T 2 þ T 3

2

	 
3

ð11Þ
where b is the tilt angle of the PV module, Y is the width of
the PV module, e1; e2 are the alveolar polycarbonate layer
emissivity values approximated as e1 ¼ e2 ffi 0:9. The result-

ing overall heat transfer coefficient is U alv ffi 6 W m�2 K�1.
The energy balance equation at the interface between

alveolar polycarbonate layer and air–gap layer is given by:

U alvðT 2 � T 3Þ|fflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflffl}
_q3;cond

¼ U agðT 3 � T 4Þ|fflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflffl}
_q4;cond

) ðU ag þ U alvÞT 3

� U alvT 2 � U agT 4 ¼ 0 ð12Þ

where U ag is the overall heat transfer coefficient in the
air–gap layer, T 4 is the interface temperature between the
air–gap layer and polycarbonate backsheet, and _q4;cond is
the conductive heat transfer flux crossing the air–gap layer.

The overall heat transfer coefficient in the air–gap layer
U ag is estimated with the same Eq. (11) expression as for
U alv:

U ag ¼ 1:42 � T 3 � T 4

2Y sin b

	 
0:25

þ 4 � 1
1
e3
þ 1

e4
� 1

r � T 3 þ T 4

2

	 
3

ð13Þ

where the air–gap layer emissivity values are approximated
as e3 ¼ e4 ffi 0:9.

The energy balance equation at the interface between
air–gap layer and polycarbonate backsheet is given by:



U agðT 3 � T 4Þ|fflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflffl}
_q4;cond

¼ kPC
s7

ðT 4 � T s2Þ|fflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflffl}
_q5;cond

) U ag þ kPC
s7

	 

T 4

� kPC
s7

T s2 � U agT 3 ¼ 0 ð14Þ

where _q5;cond is the conductive heat transfer flux crossing
the polycarbonate backsheet, T s2 is the polycarbonate
backsheet surface temperature, and s7 is the polycarbonate
backsheet thickness.

The energy balance equation at the interface between
polycarbonate backsheet and environment is given by:

k7
s7
ðT 4 � T s2Þ|fflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflffl}

_q5;cond

¼ hconvðT s2 � T aÞ|fflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflffl}
_q1;conv

þ erðT 4
s2 � T 4

skyÞ|fflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflffl}
_q1;rad

ð15Þ

where _q1;conv and _q1;rad the convective and radiative heat
fluxes from polycarbonate backsheet to environment.

The term T 4
s2 in Eq. (14) is linearized by means of the

same expression used in Eq. (3):

T 4
s2 � T 4

sky ffi 4T 3
mðT s2 � T skyÞ ) erðT 4

s2 � T 4
skyÞ

ffi 4erT 3
mðT s2 � T skyÞ ffi hr1 T s2 � T sky

� � ð16Þ
where

hr1 ¼ 4erT 3
m ¼ 4er � T s2 þ T sky

2

� �3
¼ er

T s2 þ T sky

� �3
2

ð17Þ

By reordering Eq. (14), the energy balance equation at
the interface between polycarbonate backsheet and envi-
ronment is written as:

hr1 þ hconv þ kPC
s7

	 

T s2 � kPC

s7
T 4 ¼ hr1T sky þ hconvT a ð18Þ

The seven unknown temperatures are contained in the vec-

tor x ¼ ½T s1; T 1; T C; T 2; T 3; T 4; T s2�T, for the linear sys-
tem solution, where the superscript T denotes
transposition.

To calculate the unknowns, a linear system of equations
is obtained in the form A � x ¼ b (see Appendix A.1).

Since the terms hr; U alv; U ag and hr1 depend on some
unknown temperatures, the unknowns cannot be found
in a single solution of the linear system A � x ¼ b. There-
fore, an iterative process is needed. Initial values are set
up for hr; U alv; U ag and hr1 and the unknown vector x is
calculated by solving the linear system A � x ¼ b. After
that, the values of hr; U alv; U ag and hr1 are recalculated
by using Eqs. (3), (11), (13) and (17), respectively. This pro-
cess is iteratively repeated until the errors on variables
U ag and hr1 become lower than a specified tolerance. After
convergence, all the unknown temperatures are found.

4.1.2. PV module with water flow

In this case, there is water flowing in the alveolar poly-
carbonate layer. The water temperature T w increases along
the space variable x which represents the water flow
direction. The basic assumptions are the same as in the
PV module without water flow, the only difference being
in the alveolar polycarbonate layer, where the water flows.
In this layer, it is assumed that the water temperature T w

depends only on the space variable x.
When water flows, the alveolar polycarbonate previ-

ously considered as one single slab is now modeled as three
different layers. Two layers are made of polycarbonate
sheets. The third one is an intermediate gap where the
water flows (Fig. 4).

The energy balance equations remain unchanged as in
the case with PV module without water flow. The only
exceptions for these equations refer to the following five
interfaces:

(i) The interface between TPU2and the first sheet of alve-

olar polycarbonate:the energy balance equation at the
interface between TPU2 and first alveolar polycar-
bonate layer is 	 


kTPU
s4

ðT C � T 2Þ|fflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflffl}
_q2;cond

¼ kPC
sPC

ðT 2 � T 0
2Þ|fflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflffl}

_q30 ;cond

) kTPU
s4

þ kPC
sPC

T 2

� kTPU
s4

T c � kPC
sPC

T 0
2 ¼ 0 ð19Þ

where _q30;cond is the conductive heat transfer flux

crossing first alveolar polycarbonate layer, T 0
2 is the

first new unknown temperature at the interface
between the polycarbonate sheet and the water layer,
and sp is the thickness of the first polycarbonate sheet
itself.
(ii) The interface between the first sheet of alveolar poly-

carbonate and the water layer: the energy balance
equation at the interface between the first polycar-
bonate sheet and the water layer is	 


kPC
sPC

ðT 2 � T 0
2Þ ¼ hwðT 0

2 � T wÞ ) kPC
sPC

þ hA T 0
2

� kPC
sPC

T 2 ¼ hwT w ð20Þ

where hw is the water heat convective coefficient. The
coefficient hw is evaluated after computing the Nusselt
number Nu, which has been considered fixed for a
laminar flow (low Reynolds number, as shown in
Table 2) in square ducts at the value Nu ¼ 3:608
(Lienhard and Lienhard, 2015). The Reynolds num-

ber is Re ¼ �w�dh
mw
, where �w ¼ _v � s � Y the mean velocity

of water is, _v is the volume flow rate of water, and mw
is the kinematic viscosity of water.
Hence, considering the hydraulic diameter of
water flows passage dh, and the water thermal
conductivity kw:
hw ¼ Nukwd
�1
h ð21Þ

The hydraulic diameter dh depends on the cross-
sectional area Ac ¼ s � Y and on the perimeter



Table
Water

Tw (K)

288
293
313
333
p ¼ 2ðsþ Y Þ of the duct (Fig. 5) and is given by:

dh ¼ 4Ac � p�1 ) dh ¼ 2s � Y � ðsþ Y Þ�1 ð22Þ
where Y is the dimension along y direction of the
alveolar polycarbonate layer (equal to the width of
the PV module).The water properties (density qw,
thermal conductivity kw, kinematic viscosity mw, and
specific heat c) are evaluated at the bulk mean water
temperature. This temperature represents the arith-
metic average of the mean water temperatures at

the inlet and outlet of the duct: T b ¼ Tw;inþTw;out

2

(Çengel and Turner, 2001).
Fig. 5. Heat energy balance for the water layer.
(iii) Inside the water layer which behaves as a heat exchan-

ger: the energy balance inside the water layer is given
by an equation similar to a heat exchanger energy
balance (Fig. 5):� �

hw T 0

2 � T w|fflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflffl}
_q30conv

Y � dx|fflffl{zfflffl}
dA

¼ _v � c � dT w þ hwðT w � T 0
3Þ|fflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflffl}

_q300conv

Y � dx|fflffl{zfflffl}
dA

ð23Þ
where _q30 ;conv is the convective heat transfer flux from
first alveolar polycarbonate layer to the water, _q300;conv
is the convective heat transfer flux from the water to
the second alveolar polycarbonate layer, _v is the vol-
ume flow rate of water, c is the specific heat of water,
dA is the infinitesimal surface element of heat transfer.
Reordering Eq. (23) the energy balance equation
inside the water layer is:
_v � c
Y

dT w

dx
� T 0

2hw � T 0
3hw ¼ �2T whw

) _v � c
Y

Z � T 0
2hw � T 0

3hw ¼ �2T whw ð24Þ

where Z ¼ dTw

dx is the x-dimension derivative of the

water temperature, considered as a new unknown
term.
(iv) The interface between the water layer and the second

sheet of alveolar polycarbonate: the energy balance
equation at the interface between the water layer
and the second alveolar polycarbonate layer:	 


hwðT w � T 0

3Þ ¼
kPC
sPC

ðT 0
3 � T 3Þ|fflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflffl}

_q300 ;cond

) kPC
sPC

þ hA T 0
3

� kPC
sPC

T 3 ¼ hw T w ð25Þ

where _q30 ;cond is the conductive heat transfer flux
crossing the second alveolar polycarbonate layer
2
parameters used in the thermal model.

kw (W m�1 K�1) mw (m2 s�1) Re hw (W m�2 K�1)

0.5892 1.157 � 10�6 13.64 241.57
0.5984 1.006 � 10�6 15.69 245.34
0.6305 0.658 � 10�6 23.98 258.50
0.6543 0.475 � 10�6 33.22 268.26
and T 0
3 is the temperature at the interface between

the second polycarbonate sheet and the water layer.

(v) The interface between the second sheet of alveolar

polycarbonate and the air gap: the balance equation
at the interface between the second polycarbonate
sheet and the air gap: 	 


kPC
sPC

T 0
3 � T 3

� � ¼ U agðT 3 � T 4Þ ) U ag þ kPC
sPC

T 3

� U agT 4 � kPC
sPC

T 0
3 ¼ 0 ð26Þ
Now, there are ten unknowns in the vector

xZ ¼ ½T s1; T 1; T C; T 2; T 0
2;Z; T

0
3; T 3; T 4; T s2�T including nine

temperatures and the term Z. The spatial domain is dis-
cretized by defining the elementary step dx ¼ xnþ1 � xn,
where the step counter n starts from zero and terminates
when xn = X–dx. The derivative Z is discretized by using
finite differences as:

Z ¼ T wðxnþ1Þ � T wðxnÞ
dx

ð27Þ

To calculate the unknowns, a linear system of equations
is obtained in the form AZ � xZ ¼ bZ (see Appendix A.2).

The procedure to obtain the numerical solution is set up
as follows, starting from n = 0 with T wðx0Þ ¼ T w;in, being
T w;in the water temperature at the alveolar polycarbonate
layer input:

1. Solve the linear system of equations AZ � xZ ¼ bZ , from
which the derivative Z is obtained among the other
unknowns.

2. Calculate xnþ1 from (27):

T wðxnþ1Þ ¼ T wðxnÞ þ Z � dx ð28Þ
3. Repeat the calculations until xn ¼ X � dx.

Again, the terms hr; U alv; U ag and hr1 depend on some
unknown temperatures. Hence, an iterative process is run
as in the case without water discussed in Section 4.1.1.
However, now the temperatures depend on the spatial



variable x. Thereby, the iterative process has to be repeated
for each step dx along the x-dimension.

4.2. The electrical model

The electrical model presented in this paper is based on
the junction described by a single exponential in order to
simulate the I–V characteristics of the PV module (Liu
and Dougal, 2002; Xiao et al., 2004; Villalva et al., 2009;
Ayedh et al., 2012; Andrei et al., 2013; Bellia et al.,
2014). The one-diode model of a solar cell consists of five
parameters: a current source representing the photo-
generated current Iph, a diode with two parameters (�I0
and m), and two resistances (series Rser and parallel Rsh),
as depicted in Fig. 6. The Shockley diode equation is
expressed as follows (Villalva et al., 2009):

ID ¼ I0 exp
V D

V t

	 

� 1

� �
) ID

¼ I0 exp
q � V D

m � j � T C

	 

� 1

� �
ð29Þ

where ID is the diode current, �I0 is the diode reverse sat-
uration current (strongly dependent on the cell temperature
T C and with negative sign to indicate a reverse bias), V D is
the diode voltage, V t is thermal voltage of the diode related

to T C; q ¼ 1:60217646 � 10�19 C is the electron charge, m is

the diode ideality factor, and j ¼ 1:3806503 � 10�23 J K�1 is
the Boltzmann constant.

The fundamental equations, obtained from the Kirch-
hoff’s laws, for the solar cell, are presented below
(Rauschenbach, 1980; Park and Yu, 2004; Villalva et al.,
2009; Chatterjee and Keyhani, 2011):

V ¼ V D � RserI ) V D ¼ V þ RserI ð30Þ

I ¼ Iph � ID � V D

Rsh

) I

¼ Iph � I0 exp
q � V D

m � j � T C

	 

� 1

� �
� V þ RserI

Rsh

ð31Þ

where V is the output voltage, I is the output current, Iph is
the photo-generated current, Rser and Rsh are the series
resistance and the shunt resistance, respectively.
Fig. 6. Equivalent circuit of solar cell with one-diode model.
Usually, this system of equations describes the PV cell
behavior at STC. In common applications, the manufac-
turer provides the three typical points of the I–V curve
and their thermal coefficients. They are the short circuit
current I sc, the open-circuit voltage V oc and the maximum
power Pmax;STC with the corresponding thermal coefficients

aIsc, bV oc and cP (in this case is about 0:0045 	C�1). One of
the goals of this work is to build a full theoretical model
without these coefficients strictly related to a particular
PV technology. The electrical efficiency gel varies linearly
with temperature and is given by the following expression
(Florschuetz, 1975; Evans, 1981; Ben Cheikh el Hocine
et al., 2015):

gel ¼
Pmax;STC

GSTC � APVm|fflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflffl}
gel;STC

� 1� cP � ðT C � T STCÞ½ � ) gel

¼ Pmax

G � APVm

¼ gel;STC � 1� 0:0045 � ðT C � T STCÞ½ � ð32Þ

where gel;STC is the electrical efficiency at STC in per unit,

and APVm is the total area of the PV module.
This is a simple solution to obtain a full electrical model,

but the five parameters of the equivalent circuit are not
provided by the manufacturer. Thus, a procedure to derive
these parameters is explained in Section 4.2.1. These equa-
tions allow calculating the I–V curve in every irradiance
and temperature conditions. Regarding the current source,
it depends on the structure of the solar cells (Tiwari and
Dubey, 2010) and on the spectral irradiance and tempera-
ture (Moballegh and Jiang, 2011). The photo-generated
current Iph is proportional to the cell surface SC and is a
non-linear function of the solar spectrum U(k) with respect
to the wavelength k (Pierro et al., 2015). This non-linear
function is the spectral response of the solar cell SR(k)
according to the following formula:

Iph ¼ SC �
Z
k
SRðkÞ � UðkÞdk ð33Þ

To simplify the above mentioned dependence on the
solar spectrum, the spectral-response parameter Kph is
Martı́n and Ruiz (1999):

Iph ¼ SC �
R
k SRðkÞ � UðkÞdkR

k UðkÞdk|fflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflffl}
Kph

�
Z
k
UðkÞdk|fflfflfflfflfflffl{zfflfflfflfflfflffl}

G

) Iph

¼ SC � Kph � G ð34Þ

where the irradiance G is the integral of the solar spectrum.
Some expressions to represent the dependence of I0; Iph
and energy gap EG in one-diode model on cell temperature
are indicated below (Lasnier and Ang, 1990; Patel, 1999;
Walker, 2001; Messenger and Ventre, 2004; De Soto
et al., 2006; Villalva et al., 2009; Farivar and Asaei, 2010;
Attivissimo et al., 2013; Siddique et al., 2013):



I0 ¼ I0;STC
T C

T STC

	 
3

� exp � EG

j � T C

	 
�
exp � EG

j � T STC

	 

ð35Þ

Iph ¼ Iph;STC
G

GSTC

1þ aIsc T C � T STCð Þ½ � ð36Þ

EG ¼ EG0 � uT 2
C

T C þ w
ð37Þ

where I0;STC is the diode saturation current at STC condi-
tions (this can be evaluated by referring to the open circuit
condition), Iph;STC is the photo current at STC, GSTC is the
irradiance at STC, aIsc is the short circuit current coeffi-
cient, T STC is the temperature at STC, EG is the energy
gap of the cell at temperature T C; EG0 the energy gap at
absolute zero (for crystalline silicon cells EG0 ¼ 1:21 eV),
u and w are constants depending on the cell material. In
conclusion, the electrical model developed requires only
one empirical coefficient aIsc, while the maximum power
coefficient and the open circuit coefficient are not required.

4.2.1. Determination of the equivalent-circuit parameters

As above mentioned, manufacturers usually do not pro-
vide the five parameters of cell equivalent circuit, but
declares three meaningful points on the I–V curve at STC
(Xiao et al., 2004; Chatterjee and Keyhani, 2011). These
are the short circuit, open circuit, and MPP (Villalva
et al., 2009). The five unknown parameters are determined
starting from the information referring to I sc; V mpp; Impp

and V oc (Nayak et al., 2013; Shongwe, 2015). In open cir-
cuit conditions, with I ¼ 0 and V D ¼ V oc in Eq. (31),
replacing Iph;STC ¼ SCKphGSTC, the current balance yields:

Iph;STC � V oc

Rsh

¼ I0;STC � exp
qV oc

mjT STC

	 

� 1

� �

) I0;STC ¼
GSTCKphSC � V oc

Rsh

exp qV oc

mjT STC

� �
� 1

ð38Þ

Through Eq. (38) the saturation current I0;STC is deter-
mined. In short circuit conditions, with I ¼ I sc and V ¼ 0
in Eq. (31), and with V D ¼ RserI sc, the following equation
is obtained:

I sc ¼ Iph � ID � Rser

Rsh

I sc

¼ Iph � I0;STC exp
qRserI sc
mjT

	 

� 1

� �
� Rser

Rsh

I sc ð39Þ

Eq. (39) can be approximated by considering that in
short circuit conditions the current ID can be neglected,
being the voltage at the diode terminals lower than the
cut-in voltage (Millman and Grabel, 1987). Thereby, Eq.
(39) becomes:

Iph � Rser þ Rsh

Rsh

I sc ¼ 0 ð40Þ
In MPP, I ¼ Impp and V ¼ V mpp, the next equation is
obtained from Eqs. (29)–(31):

�Rser

Rsh

� 1

	 

Im � V m

Rsh

þ GSTCKphSC

� I0;STC exp
q

mjT STC

ðV m þ RserImÞ � 1

� �� 
¼ 0 ð41Þ

Eqs. (40) and (41) form a nonlinear system of two equa-
tions, with the four unknowns Kph; m; Rser and Rsh. Since
Rsh is generally some orders of magnitude higher than
Rser, a fixed value has been set up for Rsh ¼ 200 X, to make
negligible the current inside the shunt resistance. The num-
ber of unknowns is, then, reduced to three. The acceptable
ranges of variation for the parameters (Karatepe et al.,
2007) are m 2 ½1; 2�, Kph 2 ½0:3; 0:4� (from manufacturers
of solar cells: e.g., bSolar GmbH, 2015), and Rser around
a few m X. The solution of the model is based on the min-
imization of the quadratic function given by the sum of the
squares of Eqs. (40) and (41), that is:

MinKph;m;Rser �Rser

Rsh

� 1

	 

Im � V m

Rsh

þ GSTCKphSC

��

�
GSTCKphSC � V oc

Rsh

exp qV oc

mjT STC

� �
� 1

exp
q

mjT STC

V m þ RserImð Þ � 1
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þ GSTCKphSC � Rser þ Rsh

Rsh

I sc

� �2)
ð42Þ

The solution shown in Table 3 is calculated with the
function fmincon (Matlab�) that searches the minimum
of a constrained function by assuming that the variables
change within specified limits, by using the trust-region-
reflective algorithm (Coleman and Li, 1996).

This minimization procedure has been tested by using
different PV module datasheets, obtaining excellent agree-
ment between the meaningful points provided by manufac-
turer and the three points calculated on the I–V curves. For
this reason, the thermal–electric model can be adopted to
verify the declared electrical data as explained in Section 6.

5. Application of thermal–electrical model to calculate the

temperature and performance of solar cell

The procedure regarding the thermal–electric model for
obtaining the cell temperature T C and the I–V curves at dif-
ferent conditions of solar irradiance and ambient tempera-
ture ðG; T aÞ is represented in Fig. 7. The iterative procedure
consists of two steps which are mutually linked as in a
feedback loop.

I. The Thermal model block calculates the initial cell
temperature value T C, with the STC efficiency
gel;STC, provided by either the manufacturer or the

outdoor experimental testing. Other fundamental



Table 3
Electrical parameter of the PV module.

Electrical parameter Value

Rsh (X) 200
Rser (X) 7.64 � 10�3

m 1.249
Iph;STC (A) 4.73
I0;STC (A) 9.2 � 10�8

aIsc (%/�C) 0.038

Fig. 7. Scheme of the complete thermal–electrical procedure.

Fig. 9. Temperature differences calculated between NOCT approach and
thermal–electrical model (without cooling).

Fig. 10. Experimental I–V curves without cooling before/after correction
to STC and I–V curve with water cooling.

Fig. 8. Cell temperature calculated by the thermal–electrical model
(without cooling).
data for starting the procedure are solar irradiance,
ambient temperature, and the coolant parameters
(water flow-rate and its temperature).

II. the Electrical model block calculates the theoretical
cell parameters starting from the STC data; using the
final cell temperature T C, the same block determines
the corrected efficiency gel by which it is possible
to calculate the I–V curves in whatever ambient
condition.

At iteration n + 1, the cell temperature and the electrical
efficiency are compared with the previous values; if the rel-
ative differences exceed a suitable fixed tolerance (10�5), the
iterative procedure continues; otherwise, the iterative pro-
cedure stops.

The theoretical model is developed either with or with-
out coolant flow. In the absence of coolant flow, it is inter-
esting to compare the cell temperature calculated by using
this model with the cell temperature calculated by an
empirical formula which involves a certification parameter
called the NOCT (Nominal Operating Cell Temperature,
IEC 61215, 2005). NOCT, reported in the PV module data-
sheets, is obtained from outdoor measurements by a ther-
mal probe placed on the rear side of the PV module
mounted on an open structure. It is the temperature



Fig. 11. Cell and coolant temperature profiles by the thermal model (ten rows made of 4 solar cells).

Fig. 12. Experimental P–V curves without cooling before/after correction
to STC and P–V curve with water cooling.

Table 4
STC electrical data of the PV module.

Electrical parameter Estimated value Declared value

Isc (A) 4.75 4.83
Uoc (V) 22.86 24.01
Imax (A) 4.46 4.48
Umax (V) 17.94 19.57
Pmax (W) 80.01 87.61

Fig. 13. Power profiles in January for Catania location with water flow
rate 10 l h�1.
reached by the backsheet of the module in open circuit,
under the following conditions: solar irradiance
G ¼ 800 W m�2, ambient temperature T a ¼ 20 	C , and
wind speed wa ¼ 1 m s�1.

This empirical formula states a linear dependence
between the solar irradiance and the difference between
the cell temperature and ambient temperature (Nolay,
1987; Lasnier and Ang, 1990; ASTM, 1998; Myers et al.,
2002):

T C ¼ T a þNOCT� 20

800
� G ð43Þ
The cell temperatures, calculated through the theoretical
model at different conditions of irradiance and ambient
temperature ðG; T aÞ, are reported in Fig. 8. The difference
between the theoretical model and the empirical formula
(43) is displayed in Fig. 9: it exhibits a good agreement.
The maximum difference is within (�2 K, +4 K) in the
ranges G ¼ 100–1000 W m�2 and T a ¼ 0–40 	C.
6. Adjustment of parameters in the thermal–electrical model

by experimental tests

Outdoor experimental tests can be useful for adjusting
the parameters of the thermal-electrical model. The proce-
dure to check the manufacturer power rating of commer-
cial PV modules (obviously, they are without water
cooling) requires to transfer the I–V curves measured at
outdoor conditions of irradiance and cell temperature to
STC. This correction is carried out thanks to equations
provided by IEC Standard 60891 (2009). In the absence
of water cooling, the cell temperature T C reaches in out-
doors values much higher than the STC temperature. In



Fig. 14. Power profiles in July for Catania location with water flow rate
10 l h�1.

Fig. 15. Power profiles: larger view.

Fig. 16. Simulated I–V curves with water flow rate of 30 l h�1.
these tests (less than 1 s long), the temperature of the cells is
uniform and a thermal equilibrium condition is recom-
mended with constant irradiance, ambient temperature
and wind speed for some minutes. The electrical character-
istics can be obtained by the automatic data acquisition
system described in Spertino et al. (2015). The typical
uncertainties of measurement are around �1%, �0.1%
and �1% in terms of current, voltage and power, respec-
tively. As an example of the procedure, the experimental
results of a test on the PV module under study without
cooling (i) and a test with water cooling (ii) are discussed
below. In particular, before the measurements, an accurate
cleaning of the PV module was performed to avoid the dirt
of a big city (Torino, Italy) and dust typical of desert zone
as in Rehman and El-Amin (2012).

(i) The steady-state ambient conditions (Spertino et al.,
2015) were G = 960 � 20 W m�2, T a ¼ 286� 0:2 K,
with negligible wind speed, and the cell temperature
T C ¼ 322� 2 K was derived by the thermal model.
Figs. 10 and 12 show the I–V and P–V curves in
the previous conditions (green color) and after cor-
rection to the STC (red color).

(ii) In the same Figs. 10 and 12 the I–V and P–V curves
(blue color) at G = 1000 � 20 W m�2, T a ¼
288� 0:2 K are reported. In this condition, the power
improvement is evident and it is 
18%. The behavior
of the coolant is displayed in Fig. 11 (dashed curve in
blue), where the measured water temperature is
T inw ¼ 294:4� 0:2 K, at the inlet, and the thermal
profile was simulated by the thermal model with water
volume flow-rate _v ¼ 50 l/h. Here, the cell tempera-
ture gradient is within the 296.8–299.8 � 2 K and
the mean value is very close to STC condition. It is
worth noting that this thermal gradient does not
generate power losses (due to electrical mismatch) in
the corresponding I–V and P–V curves with water
cooling. This fact can be deduced by an almost perfect
agreement between the I–V and P–V curves (Figs. 10
and 12) corrected to STC without cooling and the I–V
and P–V curves (Figs. 10 and 12) with water cooling
which reproduce in outdoor the STC. The existing
electrical mismatch in the module cells does not cause
power reduction, because the cells are connected in
series and the mismatch occurs only in the cell
voltages.

Furthermore, Fig. 12 shows the experimental P–V curve
of the module without cooling corrected at STC (in red
color, as in Fig. 10) and the experimental P–V curve of
the module with water cooling (in blue color). Also in this
case of power curves, the agreement is very satisfying. For
this reason, it is possible to estimate all electrical parame-
ters and compare them with the STC data declared by
the manufacturer. The results are reported in Table 4,



Fig. 17. Simulated P–V curves with water flow rate of 30 l h�1.

Fig. 18. Simulated I–V curves with 10 l h�1coolant flow rate.

Fig. 19. Simulated P–V curves with 10 l h�1 coolant flow rate.

Fig. 20. Simulated power losses in January. Coolant flow rate 30 l h�1.

Fig. 21. Simulated power gain in January. Coolant flow rate 30 l h�1.

Fig. 22. Simulated power losses in July. Coolant flow rate 30 l h�1.
where a significant reduction of the estimated maximum
power at STC (about �10%) is observed with respect to
the manufacturer data.



Fig. 23. Simulated power gain in July. Coolant flow rate 30 l h�1.
7. Simulation results obtained with and without cooling on

PV module

On the basis of the described experimental procedure, a
simulation has been carried out with the parameters of cell
equivalent circuit adjusted by the outdoor testing. Daily
power profiles are simulated without coolant (PV power)
and with coolant (PVw power) in four conditions, as follows.

(i) power in ideal conditions (PVw ideal power), where the
cell temperatures in all the rows are equal to the tem-
perature of the first cell row (i.e., the minimum value).

(ii) power without electrical mismatch (PVw equivalent

power), where the MPP of each cell row is calculated
separately, assuming that every row is working inde-
pendently from the other rows, i.e., without electrical
mismatch.
Fig. 24. Simulated power los
(iii) power with electrical mismatch (PVw real power),
where the cell rows of the PV module are simulated
with their proper thermal and electrical parameters.

(iv) power with mean temperature (PVw isothermal

power), assuming that all PV cells operate with a con-
stant temperature equal to the mean temperature pre-
viously calculated. In thermal phenomena one should
use logarithmic mean temperature, but the cell-row
temperatures and water temperatures exhibit almost
linear profiles, as reported in Fig. 11, so the arith-
metic mean temperature was used instead.

Conditions 2–4 are particularly important for the pur-
poses of this paper. In presence of the coolant flow, there
is a thermal gradient among the cell rows with different
temperatures in operation. As a consequence, there are dif-
ferent voltages and currents at maximum power V mpp and
Impp, respectively. However, there is a negligible difference
between the cases with and without electrical mismatch,
and the equivalent case without thermal gradient at arith-
metic mean temperature.

Numerical simulations are first reported in Figs. 13–15
for a location (Catania, in Sicily) in which the water cool-
ing has a remarkable impact to enhance the PV efficiency
and in turn the energy production. The PV module behav-
ior is investigated in winter (January) and in summer
(July). The I–V curves are calculated by the experimentally
adjusted parameters without coolant and with coolant
(flow rate of 10 l/h) in four cooling conditions. Thus, it is
possible to evaluate the power difference between the two
cases, where the thermal gradient occurs with and without
electrical mismatch, and the isothermal case with arith-
metic mean temperature. They differ by less than 10�2 W
(0.013%) in peak condition, as shown in Fig. 15. The max-
imum power gain d½%�, due to the coolant effect, is:
ses in January in percent.



d½%� ¼ P I � PNC

PNC

100 ð44Þ

where P I is the ideal electric power with coolant and PNC is
the power without coolant. In the real condition a temper-
ature gradient among the cell rows exists. The power loss
v½%�, as a consequence of this effect, can be calculated with
respect to the ideal conditions:

v½%� ¼ PR � P I

P I

100 ð45Þ

where PR is the power produced in real conditions. Taking
into account all effects, the real power gain n½%� is:
Fig. 25. Simulated power ga

Fig. 26. Simulated power lo
n½%� ¼ PR � PNC

PNC

100 ð46Þ

The I–V and P–V curves in Figs. 16 and 17, respectively,
are obtained with cooling, both in ideal and real condi-
tions, and without coolant, at G = 1000 W=m2;
T a = 305 K. Noticeable differences between real and no
coolant conditions confirm the advantage of this PV
solution with respect to the usual solution, where only
the natural air circulation leads to PV cooling. With
_v ¼ 30 l=h the power loss is v ¼ �3% with respect to the
ideal case and the power gain is n ¼ 26:5%. If _v ¼ 10 l=h
(Figs. 18 and 19), the power loss v ¼ �7% and the power
in in January in percent.

sses in July in percent.



Fig. 27. Simulated power gain in July in percent.
gain is n ¼ 19:8%. In the two cases the ideal power gains d
are 30.4% and 28.9%, respectively. A lower coolant
flow-rate means higher power losses as a consequence of
thermal gradient and lower power gain for higher cell-
row temperatures.

Changing the values of G; T a and _v, a complete map of
loss and gain factors has been obtained. Generally, G and
T a are correlated and depend on the geographical site. Loss
and gain factors are calculated for the average day of each
month, with different flow rates for Catania and Torino
(a location Northwestern Italy with very different climatic
conditions). In Figs. 20–23, where solid lines refer to
Fig. 28. Simulated percent losses in Catania, July for 10, 30 and 50 l h�1

coolant flow.
Torino, and dashed lines to Catania, the simulations are
reported with flow rate _v ¼ 30 l/h for January and July.
The defined power gain/loss parameters show a strong
symmetry with respect to noon. The gain reaches its max-
imum value (28% in Catania and 21% in Torino) around
noon. The minimum value (may be negative in winter),
conversely, occurs close to the beginning and the end of
the day. In winter the loss factor exhibits an initial decreas-
ing trend, and after reaching a minimum increases again
until noon. Indeed, the cell temperature is lower than the
coolant inlet temperature and the system has a reversed
behavior. The cell rows are warmed up, and the efficiency
Fig. 29. Simulated percent gains in Catania, July for 10, 30 and 50 l h�1

coolant flow.



of the PV module decreases. In these cases the coolant sys-
tem must be definitely switched off.

The significant increment of loss factor in Catania in
summer means that the thermal gradient among the PV cell
rows is higher. This finding suggests that, in this case, an
increase of coolant flow rate may substantially improve
the electrical performance.

In order to investigate the influence of the coolant flow
rate on loss/gain factors, a complete set of simulations is
carried out for both Catania and Torino, for flow rates
within 10–50 l/h.

Results are reported in Figs. 24–27 for January and
July. In these figures, the influence of the flow rate is
clear. In a city with a warmer climate (Catania) the loss
factor reaches values around 7% in July when the flow
rate is low (10 l/h), and the gain factor reaches values
near to 30% with 50 l/h flow rate. Furthermore, the per-
formance rapidly improves when the flow rate rises from
10 l/h to 30 l/h. With a flow rate of 50 l/h, performance
improvements are less evident. These findings are con-
firmed in Figs. 28 and 29, where the loss and gain factors
are reported for three values of flow rate. A flow rate of
30 l/h seems to be a good compromise solution, because
the performance is only slightly lower than in the 50 l/h
case, while the electrical consumption of the circulation
pump is about 4.6 times smaller.
8. Conclusions

In order to indirectly measure, as accurately as possible,
the cell temperature, a PV module has been manufactured
A ¼

hr þ hconv þ kPC
s1
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0 0 0 0 0 � kPC
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2
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3
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ad hoc with the option of water cooling. Thanks to the
information about the geometrical dimensions and the
physical characteristics of the materials in the PV module,
a detailed thermal–electrical model has been built and
adjusted by experimental tests. Particular attention has
been devoted to the simulation of all the mechanisms of
heat transfer.

With the water cooling option the improvement of
PV module performance takes into account the thermal
gradient consequent to the coolant flow. Experimental tests
clarify that the thermal gradient produces a negligible
electrical mismatch in a PV generator where the series
connection is used. The simulations point out that the
energy gain is remarkable in summer in locations with
different climates and strongly depends on the flow rate.
Numerical results show that the coolant must be activated
according to the location and the season of the year, and in
some cases its usage must be avoided. The topic of further
investigations will be focused on a detailed analysis consid-
ering an entire PV system with circulation pump and water
distribution system for an optimum technical–economical
flow rate.

An important result, reached using a water cooled PV
module, regards the ability to reproduce the STC condi-
tions which are not feasible with the PV modules subject
to natural air circulation. In this way, it is possible to verify
the STC manufacturer data through simple outdoor tests.
These results suggest developing a new procedure for the
assessment of the PV-module nominal performance.
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Appendix A

A.1. Matrix A and vector b used in the solution of the linear

system of equations in Section 4.1.1
b ¼

hrT sky þ hconvT a

½ð2� gelÞsARC � 1�sPCsTPU1G

0

0

0

hr1T sky þ hconvT a

2
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3
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A.2. Matrix AZ and vector bZ used in the solution of the

linear system of equations in Section 4.1.2
AZ ¼
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bZ ¼

hrT sky þ hconvT a
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