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Abstract—This purpose of this paper is to develop and validate a 

model to accurately predict the cell temperature of a PV module that 

adapts to various mounting configurations, mounting locations, and 

climates while only requiring readily available data from the module 

manufacturer. Results from this model are also compared to results 

from published cell temperature models. The models were used to 

predict real-time performance from a PV water pumping systems in 

the desert of Medenine, south of Tunisia using 60-min intervals of 

measured performance data during one complete year. Statistical 

analysis of the predicted results and measured data highlight possible 

sources of errors and the limitations and/or adequacy of existing 

models, to describe the temperature and efficiency of PV-cells and 

consequently, the accuracy of performance of PV water pumping 

systems prediction models. 

 

Keywords—Temperature of a photovoltaic module, Predicted 

models, PV water pumping systems efficiency, Simulation, Desert of 

southern Tunisia. 

I. INTRODUCTION 

HOTOVOLTAIC (PV) cell is one of the most popular 

renewable energy products. It can directly convert the 

solar radiation into electricity which can be utilised to power 

different systems, for example PV water pumping systems. 

However, the high cost of solar cells is an obstacle to 

expansion of their use. This is because during the operation of 

the PV cell, only around 15% of solar radiation is converted to 

electricity with the rest converted to heat. The electrical 

efficiency will decrease when the operating temperature of the 

PV module increases.  

Many research efforts have focused on the development of 

empirical models that are able to predict photovoltaic water 

pumping system performance for any climatic condition using 

various parameters.  

Many cell temperature models are available in literature. 

Details of a sampling of these models are included in the next 

section. These models can be generally grouped into three 

categories: empirical models, semi-empirical models, and 

theoretical models. 

In this paper, a general energy balance model was 

developed to predict the cell temperature of a PV module. This  
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model was simplified and validated using field measurements 

into a steady state model. 

The objective of this paper therefore, is, to develop a 

validated real-time mathematical model that predicts the cell 

temperature of a PV module. The model can be used to 

generate the performance of PV water pumping systems. 

II. MODELING OF THE PERFORMANCES OF A PV WATER 

PUMPING SYSTEMS 

A. PV-Cell Temperature 

Many PV cell temperature (Tc) models are available in 

literature. Details of a sampling of these models are included 

below. These models can be generally grouped into three 

categories: empirical models, semi-empirical models, and 

theoretical models.  

Empirical models are developed purely from experimental 

data. Empirical models have the possibility to be very accurate 

since they are developed from actual data and do not need to 

make assumptions. The downside is the fact that, since the 

model requires measured data, it is difficult to predict the 

performance of a module before installation. 

King et al. have developed in [1] an empirical model for 

three mounting types that is dependent on irradiance, wind 

speed, and ambient temperature. In [2] a cell temperature 

model for the interior modules in a gap mounted rooftop array 

is developed by Shresta et. al. 

Theoretical models apply established heat transfer 

correlations to predict the temperature of the module. As 

opposed to empirical models, theoretical models do not 

require measured performance. Fuentes developed an 

extensive transient model [3] that is adaptable to different 

mounting using equations manipulating the reported Nominal 

Operating Cell Temperature (NOCT). Jones and Underwood 

[4] developed a transient model for a rack mounted module, 

while Davis et al. [5] developed a transient model for a 

building integrated module. Duffie and Beckman [6] presented 

a simplified steady state model that adapts to the mounting of 

the module using the reported NOCT.  

Semi-empirical models are defined as theoretical models 

that are slightly modified by information from experimental 

data. For example, Del Cueto [7] empirically calculates 

coefficients to improve a theoretical steady state model. 

Krauter et al. [8] developed a semi-empirical transient model. 

Skoplaki et al. [9] developed a simplified steady state model 

and modified the temperature for mounting conditions based 

on an empirical mounting coefficient.  
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In addition to previous models, Skoplaki and Palyvos [10] 

list additional cell temperature models. They include explicit 

and implicit models. 

The explicit correlation models express the PV-cell 

temperature (Tc) as a function of ambient temperature, solar 

radiation, wind speed and other system parameters ignoring 

heat exchange dynamics between the module and its 

environment. Several equations for Tc found in the literature 

are listed in Table I. 

 
TABLE I 

EXPLICIT CORRELATIONS OF PV-CELL TEMPERATURE 

Models N° 
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The implicit correlations, i.e. involve variables such as 

cell efficiency or heat transfer coefficients, which 

themselves depend on Tc. Some implicit correlations are 

shown in Table II.  
 
 

 

 
 

 

 
 

 

TABLE II 
IMPLICIT CORRELATIONS OF PV-CELL TEMPERATURE 

Models N° 
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B. Steady-State Analysis 

A general energy balance model was developed to predict 

the cell temperature of PV module. This model was simplified 

and validated using field measurements into a steady state  

 

 

model that creates a thermal resistance network between the 

cell and the ends of the module. Fig. 1 gives a schematic of the 

thermal energy exchanges between PV module and the 

environment, which involve such variables and parameters.

 
Fig. 1 Simple schematic of the thermal processes in PV module 

 

The equation for the PV-cell temperature operating under 

steady state is derived assuming that the incident energy on a 

solar cell is equal to the electrical energy output of the cell 

plus the sum of the energy losses due to convection and 

radiation. The resulting energy balance equation is given as 

[11]-[12]: 

 

 convradeEH
.

Q
.

Q
.

Q  ++=                            (1) 

where:                    AH tH τα=
.

Q                                         (2)  

where:α: absorptivity and τ : transmissivity.                                            

Ee is the electrical energy produced by the module, where  
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where: ε and σ are respectively emissivity and Stefane 

Boltzman’s constant, Vw is the wind speed. 

The effective temperature of the sky (Tsky) is calculated from 

the following empirical relation:  

 

6−= asky TT                                   (7) 

 

Substituting the relevant terms in Eq. (1) results in Eq. (8) 

given as:  
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Finally, the PV-module temperature is given as: 
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C. Description of the Algorithm 

The performance of PV water pumping system is simulated 

using MATLAB 7 software with an hourly time step. The 

program is based on the proposed models for calculation of 

hourly water flow rate. This simulation program uses the 

hourly global solar radiation, the hourly ambient temperature 

and the hourly wind speed as the input, moreover the 

characteristics of region (Latitude, Longitude, ground albedo) 

and characteristics of photovoltaic water pumping system 

(orientation, inclination, NOCT, PV array area, temperature of 

reference, HMT,...). 

The first step consists of the determination of the various 

astronomical parameters, and more precisely the exact 

position of the sun at any moment of the year.  

The first parameter to be determined is the declination; it is 

the angular position of the sun at solar noon, with respect to 

the plane of the equator. Its value in degrees is given by 

Cooper’s equation [13]: 
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where q is the day of year (i.e. q =1 for January 1, q = 32 for 

February 1, etc.). Declination varies between -23.45° on 

December 21 and +23.45° on June 21. 

The stage which comes then is the calculation of the true 

solar time (TSV): 
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where λ is the longitude of the site and Et is the equation of 

time; 
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The solar hour angle is the angular displacement of the sun 

east or west of the local meridian; morning negative, afternoon 

positive. 
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The sunset hour angle ω0 is the solar hour angle 

corresponding to the time when the sun sets. 

It is given by the following equation:  

 

( )δϕ.tantan-cosaω0 rc=                           (15) 

 

where δ is the declination, calculated through equation (10), 

and φ is the latitude of the site, specified by the user. 

The zenith angle of the sun θz is calculated through this 

equation:                                                

 .Cos.Cos Cos +Sin.Sin = Cos ωϕδϕδθ z                  (16) 

 

The hourly extraterrestrial radiation on a horizontal surface, 

H0, can be computed for hour from the following equation 

[13]: 
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The ratio of global solar radiation at the surface of the earth 

to extraterrestrial radiation is called the clearness index. Thus 

the hourly clearness index, KT, is defined as: 

 

0

H

H
KT =                                    (18) 

The fraction diffuse is the ratio of the diffuse solar radiation 

to the global solar radiation [14]:   

 

 
H
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f d = 1 - 0.09KT                 for 0<= KT <= 0.22                     (20) 

fd = 0.9511 - 0.1604KT + 4.388KT
2
 - 16.638KT

3
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                                         for 0.22 < KT <= 0.8                    (21) 

f d = 0.1                             for KT > 0.8                                 (22) 

 

Where the diffuse solar radiation Hd, is defined as: 

 

Hfd .Hd =                                  (23)             

 

After calculation of diffuse radiation, the direct radiation is 

obtained just by difference with global solar radiation which 

can be expressed as:  

 

dHH −=bH                                      (24) 

 

Calculation of hourly irradiance in the plane of the PV 

array, Ht [13]: 
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where α represents the diffuse reflectance of the ground (also 

called ground albedo is set to 0.2) and β represents the slope of 

the PV array (inclination). 

Rb is the ratio of beam radiation on the PV array to that on 

the horizontal, which can be expressed as: 

 

z
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θ
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where θ is the incidence angle of beam irradiance on the array 

and γ is the orientation of the PV array.  
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The energy delivered by the PV array, Ee, is simply 
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where S is the area of the array. It has to be reduced by 

miscellaneous PV array losses λp 

conditioning losses λc: 

The array is characterized by its average efficiency, η

which is a function of average module temperature T
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where ηr is the PV module efficiency at reference temperature 

Tr (= 25°C), and βp is the temperature coefficient for module 

efficiency. 

Tc is related to the hourly ambient temperature T

formula (9): 
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where NOCT is the Nominal Operating Cell Temperature, K

the hourly clearness index and βopt is the opti

and β is the actual tilt angle.  

The water pumping model is based on the simple equations 

[16]. The hourly hydraulic energy demand E

corresponding to lifting water to a height h (m) with a hourly 

volume Q (m
3
/h) is: 
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where g is the acceleration of gravity (9.81 m.s

density of water (1000 kg.m
-3

), and ηf is a factor accounting 

for friction losses in the piping. This hydraulic energy 

translates into an electrical energy requirement Ee:
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where Rp is the pump system efficiency. If the pump is AC, 

this equation has to be modified to take into account the 

inverter efficiency Rinv: 
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Equalizing the two equations (28) and (32), 

 

   )(1-(1 H  S=
.

...
E  ptpe λη

ρ

cp RR

HMTQg
=

The hourly volume pumping (flow rate) Q (m

can be expressed as: 
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The energy delivered by the PV array, Ee, is simply [15]:   

)                         (28) 

S is the area of the array. It has to be reduced by 
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NOCT is the Nominal Operating Cell Temperature, KT 

is the optimum tilt angle 

The water pumping model is based on the simple equations 

. The hourly hydraulic energy demand Ehydr (Wh), 

corresponding to lifting water to a height h (m) with a hourly 

HMT                      (30) 

g is the acceleration of gravity (9.81 m.s
-2

), ρ is the 

is a factor accounting 

for friction losses in the piping. This hydraulic energy 

al energy requirement Ee: 

HMT
                         (31) 

is the pump system efficiency. If the pump is AC, 

this equation has to be modified to take into account the 

                                 (32)  

Equalizing the two equations (28) and (32),  
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The hourly volume pumping (flow rate) Q (m
3
/h), which 
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III. DESCRIPTION OF THE PV

In this work, two solar water pumping stations are selected. 

These stations are located in the isolated site in Medenine city 

(south of Tunisia); with a Saharan climate. The first station 

named Bel Khchab (33.10 N, 10.05 E) and the second station 

named Om Chraket (32.55 N, 11.33 E). The two systems are 

used for potable water. A PV water pumping system consists 

of a PV array, inverter, submersible pump, storage

auxiliary system of measuring

sensors, the two station work without storage batteries.

The Photographs and characteristics of the PV pumping 

stations are shown respectively in 

 

Fig. 2 Photographs of stations Bel Khchab

TABLE

CHARACTERISTICS OF THE 

Station  

Modules  

PV array area (m2)  

Nominal PV module efficiency (%) 

Miscellaneous PV array losses (%)  

                                                           HMTg

RR cp

..

.).-)(1- cp

ρ

λλ
                (34) 

PV WATER PUMPING SYSTEMS 

In this work, two solar water pumping stations are selected. 

These stations are located in the isolated site in Medenine city 

(south of Tunisia); with a Saharan climate. The first station 

N, 10.05 E) and the second station 

named Om Chraket (32.55 N, 11.33 E). The two systems are 

used for potable water. A PV water pumping system consists 

of a PV array, inverter, submersible pump, storage tank, and 

auxiliary system of measuring devices and weather monitoring 

sensors, the two station work without storage batteries. 

The Photographs and characteristics of the PV pumping 

stations are shown respectively in Fig. 2 and Table III. 

 

(a) 

 

 

(b) 

Bel Khchab (a) and Om Chraket (b) 

 
TABLE III 

E PV WATER PUMPING STATIONS 

Bel Khchab Om Chraket 

monocrystal  

(100Wc, 24V) 

monocrystal 

(65Wc, 12V) 

85 21 

(%)  14 14 

 5 5 
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Miscellaneous power conditioning 

losses (%)  
2 2 

Moto-Pump  

Grundfos 

SP 8A-44 
 (7.5 kWh) 

Grundfos 

 SP 3A-10  
(1.2 kWh) 

Pump system efficiency (%)  45 45 

Inverter  
Telemecanique 

DC/AC 

Grundfos 

 SA-1500 
DC/AC 

Inverter efficiency (%)  90 90 

HMT  100 m 40 m 

Capacity storage tank  500 m3 20 m3 

PV temperature coefficient (%/°C)  0.4 0.4 

NOCT(°C)  47 47 

Temperature of reference (°C)  25 25 

 

The modules in two stations are mounted on a supporting 

structure so that the surface azimuth angle and the inclination 

angle of the modules are zero and 35°, respectively.  

The data acquisition system used in these stations is 

designed and made by us [17]. 

The proposed system consists of a set of sensors (can record 

up to 15 different sensors) for measuring both meteorological 

(e.g. solar irradiance, temperature etc.) and photovoltaic 

parameters (water flow rate, PV voltage and current etc.).  

The experimental data is registered in a data logger located 

about 150 km from the CRDA of Medenine. The information 

from the data logger will be transmitted to the PC at anytime 

via GSM modem, where they are processed using the data 

acquisition software. The data acquisition software is used to 

further process, display and store the collected data in the PC 

disk. Fig. 3 shows the interface of data acquisition software. 
 

 

Fig. 3 Interface of data acquisition software 
 

The pumped water flow rate is the principal measuring 

parameter, the ambient temperature, global irradiation on an  

inclined and horizontal surface (Ht, H), voltage and current of 

photovoltaic field (V, I) are also measured in order to 

construct a complete data base of the site and the system. The 

following transducers have been used for the various 

measurements. Turbine flow meters have been used for the 

flow rate measurements. The flow meters work in the range of 

0 to 10 m
3
/h with an accuracy of ±0.05%. The flow meters 

give 4:20 mA analog signal calibrated to the measured flow 

rate. Silicon pyranometers have been used to measure the solar 

radiation in the horizontal plane and in the plane of the PV 

arrays. The accuracy of the pyranometers is 10 W/m
2
 or ±5%. 

Ambient temperature has been measured using an RTD sensor 

shielded from the sun. The uncertainty in the measurement of 

temperature is ±0.5°C. The DC voltage and current generated 

by the PV arrays and the AC voltage and current drawn by the 

pump motors have been measured using Hall Effect 

transducers of appropriate ranges. The accuracy of the voltage 

and current transmitters is ±0.25% of full scale.  

The experimental data registered in a data logger during one 

complete year (2010) at a time interval of one hour and 

transmitted from remote photovoltaic water pumping systems 

in the desert of Tunisia to the PC are analyzed. 

The mean monthly global solar radiations measured in the 

horizontal surface of Medenine city are plotted in Fig. 4. From 

this figure, we find that the maximum monthly mean of global 

radiation occurs in summer 289 kWh/m² per month and in 

spring 261 kWh/m² per month. In autumn and winter we find 

respectively 197 kWh/m² per month and 153 kWh/m² per 

month.  

 

 

Fig. 4 Variation of mean monthly irradiance measured in horizontal 

surface of the year 2010 for Medenine 
 

The mean monthly irradiance measured in the plane of the 

PV array of Medenine city is plotted in Fig. 5. We find that the 

maximum of global solar radiation is high throughout the 

summer months reaching 281 kWh/m² per month, in spring 

month’s 274 kWh/m² per month. In autumn and winter we 

find respectively 208 kWh/m² per month and 171 kWh/m² per 

month. Another factor which is prejudicial to the good 

behavior and the efficiency of the PV array is the ambient 

temperature. We can see in Fig. 6, the monthly average 

variations of the ambient temperature of the year 2010. 

Temperatures can be very high and reach 44°C, especially in 

the period stretching from May to September.    

The areas of the desert of Medenine, in the South of 

Tunisia, benefit from a very significant irradiation for which 

the use of PV water pumping system can be considered with 

strong chances of success. 
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Fig. 5 Variation of mean monthly irradiance measured in the plane of 

the PV array of the year 2010 for Medenine 

 

 

Fig. 6 Measured monthly average ambient temperature of the year 

2010 for Medenine 

IV. RESULTS AND DISCUSSION 

In order to quantify variations between predicted and 

measured values, root mean square error (RMSE) was used. It 

evaluates the percentage mean of the sum of absolute 

deviations arising due to both over-estimation and under-

estimation of individual observations. RMSE is given as: 
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
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N is the total number of observations while XmC and XmD are 

the ith calculated and measured values, respectively. 

A. PV-Cell Temperature 

Table IV presents RMSE for PV-cell temperature 

predictions using the present model, Model of Durisch et al. 

and the Model of Kou et al. (respectively the models in Eqs. 

(9), (E.6) and (E.18). The results show that the empirical 

models in Eqs. (9), (E.6) and (E.18) produce the least RMSE 

of 2.6%, 5.4% and 5.7%, respectively. Where field trial data is 

not available to derive the empirical coefficients, Eq. (9) can 

be used to predict the PV-cell temperature with a higher 

RMSE of 2.6%.  

 
TABLE IV 

ROOT MEAN SQUARE ERROR (RMSE) FOR PV-CELL TEMPERATURE 

PREDICTIONS 

PV-cell temperature models      RMSE (%) 

Present model/Measured 2.6 

Model of Durisch et al./Measured 5.4 

Model of Kou et al./Measured 5.7 

 

Fig. 7 shows plots of measured and modeled PV-cell 

temperature using Eqs. (9), (E.6) and (E.18). It can be seen 

from Fig. 7 that the predicted PV-cell temperatures show good 

correlation with the measured data. 

 

 

Fig. 7 Measured and modeled PV-cell temperature 

B. PV Water Pumping System Performance 

Table V and VI show the predict results obtained for the PV 

water pumping system PVWPS (Station Bel Khchab) for four 

days during the month of January, March, July and October, 

respectively. 

 
TABLE V 

PREDICTED PERFORMANCE USING SIMULATION MODEL IN JANUARY 1TH, 

2010 (STATION BEL KHCHAB) 

Hours KT Ht (kWh/m2) Ee (kWh) Q (m3/h) 

6 0.00 0.000 0.00 0.00 

7 0.00 0.000 0.00 0.00 

8 0.44 0.030 0.02 0.03 

9 0.27 0.101 0.39 0.58 

10 0.74 0.452 4.88 4.05 

11 0.46 0.469 2.08 4.09 

12 0.23 0.309 0.86 2.28 
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13 0.22 0.287 0.85 1.98 

14 0.22 0.258 0.81 1.69 

15 0.29 0.221 0.95 1.41 

16 0.35 0.190 0.90 1.33 

17 0.38 0.103 0.65 0.97 

18 0.00 0.020 0.01 0.02 

19 0.00 0.000 0.00 0.00 

20 0.00 0.000 0.00 0.00 

Daily water flow rate m3/day 18.43 

 
TABLE VI 

PREDICTED PERFORMANCE USING SIMULATION MODEL IN MARCH 16TH, 2010 

(STATION BEL KHCHAB) 

Hours KT Ht (kWh/m2) Ee (kWh) Q (m3/h) 

6 0.00 0.00 0.00 0.00 

7 0.00 0.00 0.08 0.12 

8 0.44 0.00 1.12 1.67 

9 0.27 0.05 2.79 4.14 

10 0.74 0.65 3.84 5.71 

11 0.46 0.27 4.60 6.83 

12 0.23 0.11 5.17 7.68 

13 0.22 0.11 5.32 7.91 

14 0.22 0.10 5.15 7.65 

15 0.29 0.12 4.45 6.61 

16 0.35 0.11 3.04 4.51 

17 0.38 0.08 1.71 2.54 

18 0.00 0.00 0.57 0.84 

19 0.00 0.00 0.05 0.08 

20 0.00 0.00 0.00 0.00 

Daily water flow rate m3/day 56.31 

 
TABLE VII 

PREDICTED PERFORMANCE USING SIMULATION MODEL IN JULY 15TH, 2010 

(STATION BEL KHCHAB) 

Hours KT Ht (kWh/m2) Ee (kWh) Q (m3/h) 

6 0.00 0.00 0.29 0.43 

7 0.00 0.00 0.63 0.94 

8 0.44 0.00 1.09 1.62 

9 0.27 0.05 2.24 3.32 

10 0.74 0.65 3.22 4.79 

11 0.46 0.27 4.08 6.07 

12 0.23 0.11 4.56 6.78 

13 0.22 0.11 4.69 6.97 

14 0.22 0.10 4.46 6.63 

15 0.29 0.12 3.98 5.91 

16 0.35 0.11 3.12 4.63 

17 0.38 0.08 2.00 2.97 

18 0.00 0.00 0.89 1.33 

19 0.00 0.00 0.15 0.23 

20 0.00 0.00 0.00 0.00 

Daily water flow rate m3/day 52.61 

 

 

 

TABLE VIII 

PREDICTED PERFORMANCE USING SIMULATION MODEL IN OCTOBER 15TH, 
2010 (STATION BEL KHCHAB) 

Hours KT Ht (kWh/m2) Ee (kWh) Q (m3/h) 

6 0.00 0.00 0.16 0.23 

7 0.00 0.00 1.10 1.64 

8 0.44 0.00 2.27 3.37 

9 0.27 0.05 3.26 4.85 

10 0.74 0.65 3.99 5.93 

11 0.46 0.27 4.36 6.49 

12 0.23 0.11 5.26 7.81 

13 0.22 0.11 5.66 8.42 

14 0.22 0.10 5.04 7.50 

15 0.29 0.12 3.45 5.13 

16 0.35 0.11 1.41 2.10 

17 0.38 0.08 0.09 0.14 

18 0.00 0.00 0.00 0.00 

19 0.00 0.00 0.00 0.00 

20 0.00 0.00 0.00 0.00 

Daily water flow rate  m3/day 53.59 

 

Table IX shows the predict results obtained for the PV 

water pumping system (Station Om Chraket) for four days 

during the month of January, March, July, and October, 

respectively. 
 

TABLE IX 

PREDICTED PERFORMANCE IN JANUARY 1TH, MARCH 16TH, JULY 15TH, 
OCTOBER 15TH, 2010 (STATION OM CHRAKET) 

Hours 
January 

1th  
March 16th  July 15th 

October 
15th 

                                        Q (m3/h) 

6 0.00 0.00 0.00 0.14 

7 0.00 0.07 0.25 0.96 

8 0.02 0.98 0.55 1.98 

9 0.44 2.44 0.95 2.85 

10 1.78 3.36 1.96 3.49 

11 1.89 4.02 2.82 3.82 

12 1.68 4.52 3.57 4.59 

13 1.42 4.66 3.99 4.95 

14 1.19 4.50 4.10 4.41 

15 0.98 3.89 3.90 3.02 

16 0.86 2.65 3.48 1.24 

17 0.57 1.50 2.72 0.08 

18 0.01 0.50 1.75 0.00 

19 0.00 0.05 0.78 0.00 

20 0.00 0.00 0.13 0.00 

Daily flow rate m3/day 10.84 33.12 30.95 31.52 

 

Fig. 8 (a)–(d) shows the comparison between the measured 

and the predicted hourly flow rate one using a conventional 

model during four specific days. We note that these specific 

days correspond to the summer and winter solstice days and 

the vernal and autumnal equinox days. It is found that the 



International Journal of Electrical, Electronic and Communication Sciences

ISSN: 2517-9438

Vol:7, No:6, 2013

669

 

 

conventional model consistently over-predicts the 

measurements at all times. 

This is expected since the model does not account for local 

weather conditions such as the presence of cloud and dust. 

Moreover, one can observe that there are visible 

discrepancies between the measurements for the three years. 

The performance of the conventional model was evaluated in 

terms of the root mean square error (RMSE). Table X 

summarizes the RMSE of one year (2010) as well as the 

global error for the whole samples during the four above 

mentioned days. It is found that the highest global RMSE is 

occurred in the autumnal equinox, winter solstice and vernal 

equinox days with values of 4.26%, 3.7% and 4.34% 

respectively. This is generally attributed to the local cloud 

formations in these wintry, autumnally and vernally days 

which obviously vary from year-to-year. 

In contrast, the results presented for the summer solstice 

day in Fig. 8 (b) show that both the measurements and the 

conventional model predictions differ only slightly. In fact, 

there is a practically close agreement between the results of 

the conventional model and the mean values of the 

measurements with a slight over- prediction of the hourly flow 

rate by the conventional model with a global RMSE equal to 

1.87%. Results for the other days of the years, which are not 

presented here follow a similar trend and agree with the above 

conclusion, i.e. some discrepancies occur among the 

measurements for different years and with the predictions for 

the cloudy periods, namely, October–May. These differences 

decrease obviously for the months of June–September 

(summer months) for which the sky is relatively clearer. 

The promising similarities between the measured and 

predicted hourly flow rate variations during the clear-sky dates 

suggest that hourly flow rate have estimated basing on this 

conventional model. The deviation, though small, is attributed 

to fluctuations in the solar irradiance and unsteady module 

temperatures during the measurements. 

 

 

(a) 

 

(b)   

 

(c) 

 

(d) 

Fig. 8 Comparison between the predicted and the measured daily 

flow rate for two stations of PV water pumping during the winter 

solstice (a), summer solstice (b), vernal equinox (c) autumnal 

equinox (d) days 
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TABLE X 

ROOT MEAN SQUARE ERROR (RMSE) AGE BETWEEN THE PREDICTED AND 

THE MEASURED DAILY FLOW RATE 

Predicted/Measured daily 
flow rate 

RMSE (%) 
Station1 

 
RMSE (%) 
Station 2 

Global 

RMSE 

(%) 

Winter solstice day 3.57  3.83 3.7 

Summer solstice day 1.78  1.96 1.87 

Vernal equinox day 4.09  4.43 4.26 

Autumnal equinox day 4.19  4.49 4.34 

V. CONCLUSION 

An energy balance model to predict the cell temperature 

modules of photovoltaic water pumping system was developed 

and validated using field measurements. The energy balance 

model considers convection and radiative exchange with the 

ambient environment as well as conduction through the cover, 

cell, and the back sheet substrate. 

The convection heat loss is predicted using established free 

and forced convection heat transfer correlations and the 

radiative heat transfer calculations are based on first principles 

rather than empirical relations. Both a transient model that 

accounts for the thermal capacitance and temperature of each 

material in the cell and a steady energy balance model that 

creates a thermal resistance network between the cell and ends 

of the module were developed. In order to quantify variations 

between predicted and measured values, root mean square 

error (RMSE) was used. The predicted PV-cell temperatures 

show good correlation with the measured data with RMSE of 

2.6%. 

The predicted PV-cell temperatures models were used to 

predict real-time performance from a PV water pumping 

systems. 

The method has been validated by predicting the 

performance of two PV water pumping systems in the desert 

of Medenine (south of Tunisia) during one complete year. The 

daily flow rate predicted by the method in two stations (Bel 

Khchab and Om Chraket) have been compared with 

experimental measurements; the predicted water flow rate 

shows good agreement with the measured data. A daily 

comparison basing on the root mean square error showed that 

this model predicted with good accuracy the real data under 

the clear sky conditions with an error of 1.87% while its 

performance decreases in the cloudy conditions with an error 

reaching the value of 4.34%. 
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