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Abstract— Energy yield of tree photovoltaic water pumping 

(PVWP) systems have been studied in order to predict real 
time water flow rate of a PV water pumping systems in the 
Sahelian regions of Cameroon. Four semi-experimental models 
have been developed for the purpose.  Models are validated by 
measured data of water flow rate based on selected statistical 
parameters such as mean bias error (MBE), mean absolute 
bias error (MABE), root mean square error (RMSE) and 
determination coefficient (𝑹𝟐). To know if the performance 
parameters perform data adequately, comparison are made 
among different models or model can be compared itself 
through ideal and recommended values of these parameters. It 
appears that for stations 1 and 2, the model 4 performed data 
better than other models since performance parameters are 
within the recommended values. Indeed, the MBE (%), MABE 
(%), RMSE (%) and (R2), are respectively (-6.4), (8.83), (13.82) 
and (0.95), for station 1 and (-7.04), (9.83), (17.42), (0.97) for 
station 2. These performance parameters are within the 
rigorous criterion of the evaluation of models for these two 
stations. However, for the station 3, model 4 is recommended 
for the evaluation of water flow rate during the cloudiest day 
since Model 2 is recommended for the sunniest day. Indeed, 
for the cloudy day, the MBE (%), MABE (%), RMSE (%) and 
(R2) are respectively (-6.49), (6.63), (8.72), (0.97) for cloudy day 
and (8.36), (14.52), (36.78), (0.705) for sunny day. Regarding 
these data the model 4 can be used to evaluate the water flow 
rate for any locations and for cloudy and sunny days. 
 

Index Terms—energy evaluation, water flow rate prediction, 
models, PVWPS. 

I. INTRODUCTION 
Photovoltaic (PV) power generation system is one of the 

most popular uses of the direct solar energy and its 
installation is rapidly growing because it is considered as a 
clean and environmentally friendly source of energy [1], [2] 
One of the most popular and promising applications of 
standalone photovoltaic (PV) systems nowadays is PV 
water pumping system (PVWPS) [3]. The use of 
photovoltaic system is very attractive for pumping water in 
rural area of developing countries because of their low 
maintenance, no pollution, easy installation, reliability and 
possibility of unattended operation and capacity to be 
matched to demand. It contributes to socio-economical 
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development of the developing countries and is a real mean 
for the reduction of the greenhouse gases [4]-[6]. PVWPS 
consist in PV array, array mounting bracket and rack, pump 
controller, electrical ground for controller, DC or AC pump 
with safety ropes, mount, and well seal, wiring, water well, 
discharge tubing or piping, storage tank, tank flotation 
switch, water taps or access points [7]. Many other 
additional components can be added for more usability and 
flexibility of the photovoltaic water pumping system 
(Trailer Mounting, Batteries, Solar Tracking System, Low 
Well Switch and Sand Shroud). Depending on the 
components in the system, PVWPS can broadly be 
classified as presented in the Fig. 1 [8].  

One of the keys to success of the PVWPS is the design 
and sizing. To achieve improvements in PV pumping 
design, it is necessary to study and model photovoltaic 
water pumping systems. Some authors developed 
algorithms to determine the optimum sizing for the PV 
water pumping installation depending on the load demand 
and the site characteristics [9]-[11], demonstrating that an 
optimum sizing allows to decrease considerably the water 
pumping installation cost [12]. Other researchers 
concentrated on the optimum use of the photovoltaic energy 
generated by establishing management algorithms using 
intelligent tools, namely Fuzzy logic [13], [14]. A good 
sizing and energy use require an efficient extraction of the 
photovoltaic power. This requires the use of a technique that 
allows extracting the maximum PV power generated, 
known as Maximum Power Point Tracking or MPPT [15], 
despite the fact that good designing and sizing brings 
technical and financial feasibility to the PVWPS, there are 
still obstacles inhibiting a larger implementation of PV 
pumping systems [16]. Among these, the lack of accurate 
tools for the prediction of the system performances and 
consequently the water flow rate from PVWPS [17]. 

Many research has focused on the development of 
empirical models that are able to predict photovoltaic water 
pumping system performance for some climatic area around 
the world. These empirical models use parameters as: global 
solar radiation, PV array area, ambient temperature, 
temperature of a PV module, latitude, orientation and 
inclination of PV array, longitude, albedo, nominal PV 
module efficiency, Nominal operating cell temperature 
(NOCT), PV temperature coefficient, miscellaneous power 
conditioning losses, miscellaneous PV array losses, 
temperature of reference, and moto-pump and inverter 
efficiency [14], [18], [19]. But none of them appear to be 
perfect and satisfactory, therefore to improve the accuracy 
of these empirical models, semi-empirical models have to 
be studied by measuring in one hand certain parameters in 
order to reduce the losses leading to the imperfection of the 
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empirical model. In other hand the solar radiation 
utilizability 𝜙  defined as the fraction of total radiation 
incident on a surface that exceeds a specified intensity level 
called the critical level [20], [21]. This critical level would 

be the insolation threshold of the PV pumping system (the 
solar intensity at which the PV pumping system starts its 
operation) [22]. 

Fig. 1: The most common components of PV water pumping systems 

Table 1: Characteristics of the PV Pumping Stations 

Stations STATION I STATION II STATION III 
Geographical coordinates 10°19’N, 15°16’E 9°59’N, 15°25’E 10° 58′N, 14° 30′E 
Altitude 319m 325 m 337m 
Power installed (Wp) 600 600 1500 
Characteristics of PV module 75Wc/12V I=4,36A; 

Icc=4.60A 
75Wc/12V I=4,36A; 
Icc=4.60A 

75Wc/12V I=4,36A; 
Icc=4.60A 

Total head (m) 60 80 86,6 
Storage capacity (m3) 6 4 20 
Inclination angle of the module 
(°) 

15 15 15 

Number of modules 8 8 20 
Nominal PV module efficiency 11.7% 11.7% 11.7% 
PV temperature 
coefficient(%/°C) 

0.4 0.4 0.4 

PV array area (m2) 5.109312 5.109312 12.77328 
Reference temperature(°C)  25 25 25 
Pump type SQFlex 2.5-2 SQFlex 2.5-2 SQFlex 2.5-2 
Pump range voltage 30-300 VDC or 90-240 

VAC 
30-300 VDC or 90-240 
VAC 

30-300 VDC or 90-240 
VAC 

Pump manufacturer Grunfos Grunfos Grunfos 
Pump system efficiency (%) 45 45 45 

 

II. STUDIED WATER PUMPING SYSTEMS (PVWPS) 
Three solar water pumping systems are selected as the 

case study for the determination of the PVWPS 
performances. These stations are located in the Sahelian 
regions of Cameroon. Their surface azimuth angles are zero 
and the inclinations are 15°, PVWP system consists of a PV 
array, inverter, submersible pump, storage tank, and 
auxiliary system of measuring devices as weather 
monitoring sensors, current, voltage, temperature, water 
flow rate. The stations work without electrical storage 
batteries. Their characteristics and geographical coordinates 
are shown in Table 1.  

Water pump can be powered by 30-300 VDC or 90-240 
VAC –10%/+6%, 50/60 Hz, the run- up time depends on 
energy source and there is no limitation of the number of 
starts/stop per hour. The pump must be completely 
submerged in the pumped liquid and must be placed at 
maximum 150 m below the static water level (15 bars). It is 
equipped with two elements: a CU 200 SQFlex control unit 
with 5W power consumption, 10A maximum back-up fuse 
and the IO 100 SQFlex switch box with 300VDC, 265VAC 
maximum voltage and 8,5A current. Their operating 
temperature is in the range of -30/50°C. 
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III. MATERIALS AND METHODS 

A. Photovoltaic pumping system sizing 

The good sizing of PVWPS is essential to complete the 
economical viability of systems since it determine the size 
of different elements of the water pumping system. Thus, 
the hydraulic energy required per day (kWh) is calculated 
based on (1) [23], [24].  

𝐸!!"# = 𝜌𝑔 ℎ + ∆𝐻 𝑉 = 𝜂!𝐸!"                                                     

(1) 

Where V is the volume of water required in m3/day, 𝜂! is 
the subsystem (motor, pump and inverter) efficiency and 
𝐸!"  is the PV delivered energy. The electric power of PV 
generator 𝑃! (peak power) is given by (2) [16], [25]. 

 

Fig. 2: Water pumping system model flowchart. 

 
Fig. 3: PV array model flowchart 

𝑃! = 2,725 ∗ 10!! !!(!!∆!)
!!!!"#!!"!!

                                                   

(2) 

Where 𝑄!  is daily flow rate (m3/day); ℎ  is the pumping 
head in m; ∆𝐻 is the hydraulic losses in (m;) 𝐾! is the array 
mismatch factor, that is, the ratio of the power output of the 
photovoltaic array under operating conditions to its power 
output at the maximum power point. The generally accepted 
value for designing of a photovoltaic system is (0.85–0.90) 
on average.  𝜂!"# = inverter effectiveness ( 𝜂!"# = 0,96) if 
no inverter is used, (𝜂!"# = 1) in this case a DC motor is 
used. 𝜂!"= daily mean effectiveness of the motor pump, 𝐸! 
= daily average irradiation kWh/m²/. day, corresponding to 
the worst month of the year. 

B. Water pumping system models and design  

The Photovoltaic Model can be used to evaluate the 
energy production and financial performance of 
photovoltaic projects, from small-scale water pumping 
systems to intermediate residential off-grid systems to large 
grid-connected systems, anywhere in the world. There are 
two basic flowcharts used to evaluate PVWPS models the 
water pumping system model flowchart and the PV Array 
model flowchart as presented in the Fig. 2 and Fig. 3 [22], 
[26].  
The efficiency of the PV module on site is given by (3): 

𝜂! = 𝜂!"#[1 − 𝛽!"# 𝑇! − 𝑇!"# + 𝛾𝑙𝑜𝑔!"𝐼 𝑡 ]                (3) 

in which 𝜂!"# is the module’s electrical efficiency at the 
reference temperature, 𝑇!"#  and at solar radiation of 
1000 𝑊 /𝑚! . The temperature coefficient, 𝛽!"# , and the 
solar radiation coefficient, 𝛾, are mainly material properties, 
having values of about 0.004 K -1 and 0.12, respectively, for 

crystalline silicon modules [27]. 𝛾 , however, is usually 
taken as zero [26] and (4) is reduced to (4): 

𝜂! = 𝜂!"#[1 − 𝛽!"#(𝑇! − 𝑇!"#)]                                        (4) 

This represents the traditional linear expression for the PV 
electrical efficiency [28]. The quantities 𝜂!"# and 𝛽!"# are 
normally given by the PV manufacturer. However, they can 
be obtained from flash tests in which the module’s electrical 
output is measured at two different temperatures for a given 
solar radiation flux [29]. The actual value of the temperature 
coefficient, in particular, depends not only on the PV 
material but on 𝑇!"# as well. It is given by  (5): 

𝛽!"# =
!

!!!!!"#
                                                                          

(5) 

in which 𝑇!  is the (high) temperature at which the PV 
module’s electrical efficiency drops to zero [30]. For 
crystalline silicon solar cells, this temperature is 270°C 
[28]. 𝑇! is related to the mean monthly ambient temperature 
Ta  through Evans’ formula (6) and (7) [26], [31]. 

𝑇! − 𝑇! = (219 + 832𝐾!)
!"#$!!"

!""
                                    (6) 

𝑇! = 𝑇! + 𝐺
!"#$!!"

!""
                                                          (7) 

Where NOCT is the Nominal Operating Cell Temperature 
and 𝐾! the monthly clearness index. 𝜂!"# NOCT depend on 
the type of PV module considered.  

For the PV module used in this study the 𝜂!"# is equal to 
11.7%. and NOCT is equal to 45°C However, (7) is valid 
when the array’s tilt is optimal (equal to the latitude minus 
the declination). If the angle differs from the optimum, the 
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right side of (6) and (7) has to be multiplied by a correction 
factor 𝐶! defined by Compare in 2009, (8) [32]. 

𝐶! = 1 − 1.17 10!!(𝛽!"# − 𝛽)!                                     (8) 

Where 𝛽!"# is the optimum tilt angle and 𝛽 is the actual tilt 
angle, both expressed in degrees.  
The energy delivered by the PV array, 𝐸!, is simply in (9): 

𝐸! = 𝐴𝜂!𝐻!                                                                       (9) 

Where A is the area of the array. It has to be reduced by 
miscellaneous PV array losses 𝜆! and other power 
conditioning losses 𝜆!. 

The array energy available to the load and the battery is 
given by (10): 

𝐸! = 𝐴𝜂!𝐻!(1 − 𝜆!)(1 − 𝜆!)                                         (10) 

The overall array efficiency, 𝜂!, is defined by (11): 

𝜂! =
!!
!!!

                                                                           (11) 

 
Fig. 4: Water pumping system model 

C. Photovoltaic Water Pumping Model 

The water pumping model is based on the simple 
equations [33] and is shown schematically in the Fig. 4 [22]. 
The daily hydraulic energy demand 𝐸!!"# , in Wh, 
corresponding to lifting water to a height h (in m) with a 
daily volume Q (in m3/d) is derived by (12): 

𝐸!!"# = 𝜌𝑔𝑄ℎ 1 + 𝜂! = 𝜌𝑔𝑄𝐻                                     
(12) 

Where g is the acceleration of gravity (9.81 m/s2), ρ is the 
density of water (1000 kg/m3) and 𝜂! is a factor accounting 
for friction losses in the piping in percentage of geometric 
head h. This hydraulic energy translates into an electrical 
energy requirement 𝐸! given by (13): 

𝐸! = (
!!!"#
!!"

)                                                                         

(13) 

Where 𝜂!" is the pump system efficiency.  
If the pump is AC, (13) has to be modified to take into 
account the inverter efficiency 𝜂!"# as in (14): 

𝐸! =
!"#! !!!!
!!"!!"#

                                                            (14) 

The hourly volume pumping (flow rate) Q (m3/h), which 
can be expressed by combining (10) and (14) to get (15): 

𝑄 = (!!!!!(!!!!)(!!!!)!!"!!"#
!"! !!!!

)                                                   

(15) 

D. Prospected Models 

In this paper four models have been developed in order to 
predict in one hand energy delivred by the PV generator of 
the PVWPS and in other hand the flow rate delivered by the 

PVWPS amongst these models, model II and model IV are 
modified models that uses Solar radiation utilizability 𝜙, 
defined as the fraction of total radiation incident on a 
surface that exceeds a specified intensity level called the 
critical level [20], [34]. This critical level is the insolation 
threshold of the PV pumping system (the solar intensity at 
which the PV pumping system starts its operation) [22]. The 
critical level of a PV pumping system depends on the 
characteristics of the system components (type of motor, 
pump, Panel size, head) [17] The critical solar intensity 
level 𝐼! is the minimum intensity necessary to produce a net 
energy output.  When solar intensity is less than the critical 
level, the flow rate Q is zero. 

The operating time is the period of the day where solar 
intensity exceeds the minimum solar intensity necessary to 
produce a net energy output. In these conditions, to 
determine water requirement, measurements have been 
done in each station in order to know the critical solar 
intensity level ( 𝐼!)  necessary to produce a net water 
flowrate.  Four models have been used here for the purpose. 

Model 1 

It consists in the evaluation of the water flow rate using 
measured electrical  power output (𝐸!)of each station. This 
method can help neglecting miscellaneous losses. Since 
motor pump is DC powered the 𝜂!"# = 1. The flow rate is 
then obtained by (16) using (14): 

𝑄 = !!∗!!"

!∗!∗! !!!!
                                                                       

(16) 

Model 2 

This model considers the model 1 by using solar radiation 
utilizability as in (17). To use this concept, measurements 
have been done in the three different stations, the measured 
value correspond to the on-field threshold value (𝐼!) of the 
solar radiation to start the operation of the motor pump. 
These values are 220 (W/m2), 310 (W/m2), 160 (W/m2), 
respectively for the station I, II and III. 
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𝑄 =
(!!∗!!"

!∗!∗!
), 𝐼 ≥ 𝐼!
0, 𝐼 < 𝐼!

                                                     (17) 

Model 3 

This method measures directly water flow from Irradiance 
using (10). 

𝑄 = (!∗!!∗!!∗(!!!!)(!!!!)∗!!"

!∗!∗! !!!!
)                                             

(18) 

the main limitation of this method is that, we must take in 
the literature the value of the   Miscellaneous PV array 
losses supposed to be 5% and miscellaneous power 
conditioning losses are 2%.  

Method 4 

This model considers the model 3 using solar radiation 
utilizability. To use this concept, measurement of the 
threshold value of the solar radiation to starts operating the 
PVWPS motor pump have been done for each station as 
mentioned above.  

𝑄 =
(!∗!!∗!∗!(!!!!)(!!!!)∗!!"∗!!"#

!∗!∗! !!!!
), 𝐼 ≥ 𝐼!
0, 𝐼 < 𝐼!

                     

(19) 

Table 2: Performance metrics for model evaluations 

Metrics Mathematical equations 
Root mean squared error 
(RMSE) 1

𝑛
(𝑌!,! − 𝑌!,!)!

!

!!!

!/!

 

Normalised Root mean 
squared error RMSE(%) 

𝑅𝑀𝑆𝐸 
𝑌!

∗ 100 

Mean  bias error (MBE) 1
𝑛

(𝑌!,! − 𝑌!,!) 
!

!!!

 

Normalised Mean absolute 
bias error MBE (%) 

𝑀𝐵𝐸 
𝑌!

∗ 100 

Mean absolute bias error 
(MABE) 

1
𝑛

(𝑌!,! − 𝑌!,!) 
!

!!!

 

Normalised Mean absolute 
bias error MABE (%) 

𝑀𝐴𝐵𝐸 
𝑌!

∗ 100 

Mean percentage error 
MPE (%) 

1
𝑛

(
𝑌!,! − 𝑌!,!
𝑌!,!

!

!!!

) ∗ 100 

Determination coefficient 
(𝑅!) 1 −

(𝑌!,! − 𝑌!,!)!!
!!!

(𝑌!,! − 𝑌!)!!
!!!

 

Table 3: Ideal and recommended values of performance 
parameters 

  MBE 
(%) 

MPE 
(%) 

MAB
E (%) 

RMS
E (%) 

R2 

Ideal value Close
r to 

Close
r to 

Closer 
to zero 

Closer 
to 

Close
r to  1 

zero zero zero 

Recommende
d value 

±10% ±10% ±10% ≤20% 1 

Rigorous 
criterion 

± 5% ± 5% 5% ≤15% 1 

E. Statistical parameters used for models and validation 
criteria  

All the different models presented above to assess the 
amount of water flow rate from PVWPS have to be 
validated. There are many statistical methods available in 
solar energy literature, these models deal with the 
assessment and comparison of estimated (predicted) values 
with measured one. In the present study statistical 
indicators, namely mean bias error (MBE), root mean 
square error (RMSE), mean absolute bias error (MABE), 
mean percentage error MPE) and determination coefficient 
(𝑅! ) have been used [35]-[37].  

The RMSE provides information on the short-term 
performance of the correlations by allowing a term-by-term 
comparison of the deviation between the calculated and 
measured values, the RMSE is always positive, a zero value 
is ideal. However, a few large errors in the sum can produce 
a significant increase in RMSE [38], [39]. The MBE 
therefore evaluate underestimation and over estimation, 
underestimation results in a negative value of MBE while a 
positive value represents an overestimation. MBE has a low 
desirable value and ideally its value should be zero. The 
mean of the absolute error (MABE) of the model gives the 
general overview or total error occurrence regardless of 
underestimation or overestimation by the model. It 
eliminates the unfair error cancellation which is found in 
MBE. The MABE with a value of zero implies that the 
model is perfectly predicting the data without any error 
[40]. Mean percentage error (MPE), is described as the 
measure of the extent of the error of values in terms of 
percentage of the observed or measured value [41].  
Coefficient of determination or regression coefficient ( R! ), 
is used as a statistical indicator that gives information about 
the best fit model. It determines how well the regression 
line approximates the real data points. A model is more 
efficient when 𝑅!   is closer to 1 [42]. The normalized 
version of these metrics in percentages is obtained by 
dividing the mean measured values as presented in table 2. 
These metrics are preferred to comparing the predictive 
performance of the models over different datasets, where 
𝑌!,! is the ith measured data, 𝑌!,! is the ith calculated data, 𝑌! 
is is the mean of the measured values and 𝑛 is the total 
number of the observations. 
The models used to compute water flow rate from PVWPS 
provide good performance if the MBE, MABE, MPE and 
RMSE have as low values as possible. The following 
quantitative recommendations are sometimes used [43], 
[44].  For water flow rate as specified in the table 3.  

IV. RESULTS AND DISCUSSION  

A. Electrical water pumping system performance   

Miscellaneous PV array losses (%) and miscellaneous 
power conditioning losses (%) have to be neglected since 
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measures have been done on-field and pumping stations are 
connected to the DC water pump. Electrical performance 
parameters are hence presented in the Fig. 5 for the stations 
1 and 2, the daily mean value of the power output during the 
month varies from 195.46W to 350.70W, daily maximum 
power varies from 428.54W to 710.12W and daily energy 
produced varies from 2004.27Wh to 3360.88Wh. While for 
the station 3, the mean power output varies from 488.64W 
to 876.75W, the maximum output power varies from 
1108.71W to 1775.31W and the daily energy produced 
varies from 5010.67 Wh to 8402.21 Wh, as indicated in Fig. 
6. 

B. Observed water output  

The evaluation and prediction of the water output refers 
to the flow calculated using power input from the PV 

electrical output prediction models. In this study, the 
prediction of the water flow rate of different stations takes 
into account measured input electrical power of the pump 
(Ee) as given by (10). The main advantage of measuring 
power input of the motor pump is that miscellaneous losses 
are not to be taken arbitrary, since they are integrated in the 
measured data. Water flow rate is also predicted using 
measured solar radiation. For this purpose, solar radiation is 
measured each 5min in order to eliminate the 
over-estimation due to the   irregular behavior of irradiance 
and consequently dynamic behavior of the pump. Indeed, 
miscellaneous losses and wire losses are considered here 
respectively as 5% and 2%. 
 

 
Fig. 5: Electrical performance of the PVWPS for the stations 1 and 2 

 
Fig. 6: Electrical performance of the PVWPS for the station 3 
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B1. Hourly water output  

Using (14) and (15) associated to solar radiation 
utilizability, Fig. 7 and Fig. 8 have been plotted for different 
stations and for two special days of the month (the worst 
day and the sunniest day of the month of august) 
corresponding to the 4th of August and 09th of August. 
Since measurements have been done each 5min, flow rate is 
supposed to be the water delivered by pump each 5min. 

From Fig. 7 and Fig. 8, we can observe that water is 
delivered for a positive value of irradiance when using the 
model 1 and 3. This is not the case when using the model 2 
and 4. Indeed, as mentioned previously the threshold 
Irradiance to start the motor pump of the station 1 is 
220W/m2. The curve of the model 1 and 2 are similar 
except for the Irradiance lower than 220W/m2 leading flow 
rate to zero. The maximum water flow rates are 
103.6Liters/5min (13h 39min) and 160.8Liters/5min (13h 
16min) respectively for worst and sunny day they have been 
obtained with the model 1 and 2. 

Fig. 9 and Fig. 10 show the profile of the water flow rate 
during two days (cloudiest and sunniest) for the station 2. 
We can observe that for the model 1 and 3, water flowrate is 
supposed to be delivered. This is not true in reality since for 
the station 2 real functioning time is given by the curve of 
the model 2 and 4.  Indeed, for Irradiance lower than 310 
W/m2, the motor pump of the station 2 is not functioning 
and consequently cannot deliver water.  That’s why zero 
values of water flowrate are obtained for solar radiation 
lower than 310W/m2 for the model 2 and 4. For these 
curves the maximum values of water flow rate are 77.7 
Liters (4th of August) and 120.6 L (9th of August).  

The flow rate in the station 3 is given by Fig. 11 and Fig. 
12 respectively for sunny and cloudy day. In this station, 
water output is observed during the day (sunny and cloudy) 
for the model 1 and 3. However for the model 2 and 4, flow 
rate is sometimes equal to zero for solar radiation below 
160W/m2. Indeed, the maximum flow rate is 162liters/5min 
(4th August) and 279liters/5min (9th August). Maximum 
values are obtained from model 1 and 2. 

 

 
Fig. 7: Water flow rate from station 1 (4th of August 2016) 

 
Fig. 8: Water flow rate from station 1 (9th of August 2016) 
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Fig. 9: Water flow rate from station 2 (4th of August 2016) 

 
Fig. 10: Water flow rate from station 2 (9th of August 2016) 

 
Fig. 11: Water flow rate from station 3 (4th of August 2016) 
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Fig. 12: Water flow rate from station 3 (9th of August 2016) 

 
B2. Daily water output 

To determine the predicted daily average water output. 
Fig 13, 14 and 15 summarise the predicted daily output flow 
and measured data for different stations. It is important to 
remember that the predictions of daily PV electrical output 
and daily water flow output were calculated for hours 
between 07am and 06pm corresponding to positive 
irradiance. For different stations we observe that daily water 
depends not only on the characteristics of the stations (total 
head, power installed) but depends on the solar radiation 
(climatic conditions). Indeed, the minimum water flow rate 
in all stations corresponds to the 4th of August and the 
maximum water flow rate is in the 9th of August. Measured 
daily flow rate vary from 4.449m3 to 7.405 m3 for the 
station 1, from 2.6m3 to 5.456m3 for the station 2, and from 
8.362m3 to 14.566m3 for the station 3. 

B3. Monthly output  

To know the long-term performance of any PV station it is 
essential to evaluate monthly water requirement by the 
station despite its dependence on others factors. This 
evaluation permits to know water requirement in order to 
plan how to use water by the population. Indeed, for the 
three stations studied, the station 2 produced the lowest 
quantity of water whatever the model used, this is due to the 
fact that the total discharge head is higher in station 2 than 
station 1, for the same installed power. Although station 3 
has the highest discharge head, it produces higher quantity 
of water due to the fact that installed power is more 
important than the two stations. The monthly measured 
values are respectively 178, 471 m3, 120.646 m3 and 
323,808 m3 for the stations 1, 2 and 3 as highlighted in the 
table 4. 

 
Fig. 13: Daily water flow rate for the station 1 (m3) 
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Fig. 14: Daily water flow rate for the station 2 in (m3) 

 
Fig. 15: Daily water flow rate for the station 3 (m3) 

Table 4: Monthly water flow rate from different stations on August 

 
Model 1 Model 2 Model 3 Model 4 Measured 

Station 1 210.233 194.346 180.685 162.178 178.471 
Station 2 157.676 132.511 126.281 102.785 120.646 
Station 3 364.147 354.022 302.999 293.790 323.808 

C. Performance evaluation of the models used 

In developing countries, it is on interest to know water 
volume or flow rate of PV stations using electrical 
characteristics of PV systems in one hand and measured 
solar radiation in other hand. In order to know the accuracy 
of models, predicted values are validated by measured ones 
for two specific days where 5 min interval measurements of  

flow rate have been done. Performance parameters MBE, 
MABE, RMSE and R2 are used for this purpose. The values 
of the performance parameters are summarised in the tables 
5 to 7 for the cloudiest day and in the tables 8 and 9 for the 
sunniest day. To know if the performance parameters 
perform data adequately, comparison can be made among 
different models or model can be compared itself through 
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ideal and recommended values of these parameters which 
are given in the table 5 below.  

C1. Performance parameters for the day of August 4 

From Tables 5 to 7 the values of MBE (%), MABE (%), 
RMSE (%) and R2 are the most commonly used 
performance parameters in order to compare if models used 
can be validated by measured data. For the day of August 4 
in the station 1, it is clearly seen that the model 4 perform 
data more adequately than other models. Indeed, the 
MBE(%)=-6.401, MABE(%)=8.832,  RMSE(%)=13.818 
and  R2= 0.9656759 show that predicted values in the 
station 1 with the model 4 are correlated adequately with the 
measured ones. In station 2 therefore, the model 4 appears 
to be best model regarding the values of MBE (%) = -7.044, 
MABE (%) =9.826, RMSE (%) =17.421 and R2= 
0.9693441. In the station 3, the model 4 always appear as 
the best model regarding the values of MBE (%) =-6.486, 
MABE (%) =6.633, RMSE (%) =8.715 and R2= 0.9656759. 
all these values are in accordance with validation criteria. 

Table 5: Performance parameters August 4 station 1 

Station 1 
MBE 
(%) 

MABE 
(%) 

RMSE 
(%) R² 

Rank 

Model 1 24.004 24.578 33.347 0.724 4 

Model 2 10.940 11.514 17.061 0.928 2 

Model 3 4.476 19.710 28.145 0.804 3 

Model 4 -6.401 8.832 13.818 0.953 1 

Table 6: Performance parameters August 4 station 2 

Station 2 
MBE 
(%) 

MABE 
(%) 

RMSE 
(%) R² 

Rank 

Model 1 
59.12
5 59.387 75.761 0.420 

4 

Model 2 
11.22
5 11.487 20.236 0.959 

2 

Model 3 
34.06
6 50.937 65.722 0.564 

3 

Model 4 
-7.04
4 9.826 17.421 0.969 

1 

Table 7: Performance parameters August 4 station 3 

Station 3 
MBE 
(%) 

MABE 
(%) 

RMSE 
(%) R² 

Rank 

Model 1 
14.26
5 14.296 18.541 0.845 

4 

Model 2 
10.46
3 10.494 13.566 0.917 

3 

Model 3 
-3.72
9 9.389 12.974 0.924 

2 

Model 4 
-6.48
6 6.633 8.715 0.966 

1 

C2. Performance parameters for the day of August 9 

The performance parameters for the day of August 9 are 
summarised in the tables 8 to 10, respectively for station 1, 
2 and 3. For the station 1, the appropriate parameters are 

given by the model 4.  Indeed, MBE (%) = -4.403, MABE 
(%) = 12.526, RMSE (%) = 27.154 and R2= 0.854527. In 
the station 2, the  best model is model 4 regarding  the 
parameters MBE (%) =-7.857, MABE (%) =8.451, RMSE 
(%) =11.971and R2= 0.9753814. However, in station 3 the 
best model is the model 2 as its parameters are MBE= 
8.359, MABE=14.521, RMSE= 36.789 and R2= 0.7049837. 

Table 8: Performance parameters August 9 station 1 

Station 1 
MBE 
(%) 

MABE 
(%) 

RMSE 
(%) R² 

Rank 

Model 1 24.926 24.927 39.287 0.695 4 

Model 2 19.590 19.591 36.906 0.731 3 

Model 3 0.346 17.275 29.677 0.826 2 

Model 4 -4.403 12.526 27.154 0.855 1 

Table 9: Performance parameters August 9 station 2 

Station 2 
MBE 
(%) 

MABE 
(%) 

RMSE 
(%) R² 

Rank 

Model 1 27.155 27.155 31.590 0.829 4 

Model 2 15.868 15.868 21.856 0.918 3 

Model 3 2.137 18.444 23.449 0.906 2 

Model 4 -7.857 8.451 11.971 0.975 1 

Table 10: Performance parameters August 9 station 3 

Station 3 
MBE 
(%) 

MABE 
(%) 

RMSE 
(%) R² 

Rank 

Model 1 9.996 16.158 37.210 0.698 2 

Model 2 8.359 14.521 36.789 0.705 1 

Model 3 -11.647 16.174 37.956 0.686 4 

Model 4 -13.119 14.701 37.620 0.691 3 

V. CONCLUSION  
This study deal with four semi-empirical models used for 

water flow rate of the PVWPS, to determine the most 
suitable model for the study area, models were compared 
using statistical parameters named MBE, MABE, RMSE, 
and R2, The results indicate that the performance values of 
the selected models are relatively high since they are within 
the rigorous criterion of the evaluation of models. Thus, 
water flow rate from PVWP system can be predicted by 
models which use measured power of the station or solar 
radiation of the location. Indeed, some models developed 
here are in accordance with the measured data since 
parameters for the evaluation of models range between 
appropriate values. Regarding these data the model 4 can be 
used to evaluate the water flow rate for any locations and 
for cloudy and sunny days. 
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