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Abstract: The main purpose of this study was to investigate the possible use of solar photovoltaic system to 
power underground water well pumps, which are intended to be used at the Disi Water Conveyance Mega 
Project in south of Jordan. The work in this paper is divided into four parts: Firstly, an overview of the Disi 
area was studied and it was found that temperatures ranged between 43°-22°C, wind speed 5.6-9.1 m/s and 
a total of number sunny days reaching 330 days/year. These values formed ideal conditions for harvesting 
solar energy. Secondly, Irradiation levels were calculated (Pyranometer was not available on site) and found 
ranging between 5.5-8.7 kWh/m2/day. This case prevails throughout more than 330 days/year and with 
around 10-12 shinning hours/day. These values formed an ideal opportunity to construct a photovoltaic 
solar system. In addition to that, the method of the worst month of radiation and the peak sun hours were 
studied and analyzed. Thirdly, for this study purposes, system flow and head requirements of the selected 
four wells are to be determined, and finally the complete system was designed starting with the 
determination of water pumping requirements (continuous flow rate of 80 liters/sec per well) and then water 
drawdown effect on the required motor power was investigated throughout the 25-years of the study period. 
After that, the main photovoltaic PV components’ sizing and selection were conducted. This includes the 
PV panels, batteries, inverter, charge controllers and cables. The results of this study showed that 
application of solar energy in Disi area for underground water pumping system is practically and 
theoretically applicable.  
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NOMENCLATURE 

A    Area                                                      (m2) 
iD   Inner Diameter of Pipe                                                    (m) 

ARURE               Applied Research Unit for Renewable Energies  
DD   Drawdown                                                     (m) 

id   Altitude Difference of Two Consecutive Wells                                                 (m) 

ie                          Internal Roughness 
ESCWA                Economic and Social Commission for Western Asia  
f   Friction Factor 
FL   Friction Losses in the Well due to Pipes, valves and Fittings                                       (m) 
g   Acceleration due to Gravity                                                   (m/s2) 

STCH   Peak Sun Irradiation                                                    
 

TH   Monthly Average Daily Radiation on Tilted Surfaces                      
 TPH    The Total Pumping Head                                                     (m) 

TMHS                  Total Manometric Heads                                                                                              (m)     

24HR   Time According to the 24-Hours System 
bI   Hourly Beam Irradiance                                                    

 SCI                       Short Circuit Current                                                                                                      
 L   Length                                                     (m) 

n   Day of the Year 
NASA                   National Aeronautics and Space Administration 

maxP   Maximum Rated Power of PV Module                                                 
 ininvP ,   Power Input of the Inverter                                                               (kW) 

wP   Water Power                                                   (kW) 
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PP   Pump Power                                                   (kW) 

mP   Motor Power                                                   (kW) 
PVPS                   Photovoltaic Pumping Systems 
SWL   Static Water Level                                                   (m) 

BatV   Rated Battery Voltage                                                  (VDC) 

sysV                       Rated System voltage                                                                                                 (VDC) 
β   Tilt Angle                                                   

 φ   Latitude Angles                                                   
 zθ   Angle of Incidence                                                  
 Q   Water flow rate                                                   (m3/s) 

ρ   Water Density                                                   (kg/m3) 

Pη   Pump Efficiency  

mη   Motor Efficiency  

CECinv,η                CEC Weighted Efficiency of Inverter 

Pinv,η   Peak Efficiency of Inverter 
 
 

INTRODUCTION 
 

Major conventional sources for powering underground water pumps are either fossil fuel generators or 
electricity from a nearby grid. Both methods have considerably expensive running costs, and varying 
implementation costs depending on the location, nature and budget of the water project. Solar underground 
water pumping refers to using pumps powered by an array of solar panels to deliver water from underground 
wells. The choice of this concept over conventional means of energy is gaining more and more popularity 
around the world, especially where electricity is either unavailable or unreliable. Studies on this subject were 
carried out by several researchers and their works can be summarized as follows: 

Aandam et al., 2004 paper presented the experience from a PV pumping project being carried-out south of 
Morocco since 1997. The project reached 18 villages and affected 15000 people. Total involved photovoltaic 
power was 46 kWp. About half of the PV systems were based on dedicated inverters, while the rest were based 
on standard frequency drivers. Both performed very similarly in terms of efficiency and reliability. Abdel Gader 
and Hammad, 2009 studied technical of solar photovoltaic PV water pumping in Sudan. Nine sites were selected 
based on the available solar radiation data. The methodology of the study included theoretical modelling of the 
system, where the mathematical relations of pump performance to the solar radiation levels throughout the year 
were applied to all nine sites. They found that the solar PV water pumping system has an excellent performance 
in the selected sites of Sudan, which has solar radiation levels reaching 7.7 kWh/m2. These results indicated that 
the PV solar water pumping in Sudan is suitable technically and better than the Diesel pumping systems. 

Abdulla et al., 2005 studied the status of Jordan in the renewable energy sector. Related problems, needs 
and challenges were intensively discussed. The paper pointed out future potentials for the use of renewable 
energy in Jordan. Boutelhig et al., 2008 studied the solar pumping opportunities in the desert of Algeria in 
which the daily average solar irradiance (7 hours) of about 760 Wh/m2 to about 880 Wh/m2, during March and 
880 Wh/m2 to about 940 Wh/m2, during April. In the study, several tests were performed on different 
submersible water pumps, namely: Grundfos model P = 900 W. Similar studies have been conducted to 
implement two stand alone PVPS (Photovoltaic Pumping Systems) for two irrigating wells of two farms, within 
TMHS (Total Manometric Heads) of 28 m and 25 m respectively, and with reservoir storage capacity of 50 m3 
each. The mentioned study was carried out upon the pumping lab PV array, which was implemented outside, on 
full south with an inclination angle of 32°. It was found that the availability of solar radiation covering the 
whole Algerian Sahara, with an average sunny day ranges between 5 to 10 hours, as well as the abundance of 
the underground water, with static head ranges between 5 to 40 m, help to use a stand-alone PVPS for drinking 
and irrigation, especially in remote regions far away from national electric grid. On March 2005, complete PV 
water pumping test bench was installed at the ARURE (Applied Research Unit for Renewable Energies) in 
Ghardaïa site in order to carry out the characterization tests on available solar water pumps. 

Vick and Clark, 2009 investigated in their paper several steps to select an optimum solar-PV water pumping 
system for domestic use through deciding whether a wind or solar water pumping system would be best, 
determining the type of PV module and how the use of PV controllers can affect the decision, selecting pump 
type (diaphragm, piston, helical, or centrifugal), and analyzing the monthly water demand requirement. Three 
case studies were also included to demonstrate how to determine PV array size, motor/pump rated power, and 
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type of pump. They found that solar-PV water pumping systems of less than 1.5 kW are more likely to be used 
in U.S. than wind powered water pumping systems due to a better match to water demand, less maintenance 
requirements, and a larger area of land with a good solar resource than with a good wind resource. However, as 
power requirements increase, a wind only or a hybrid wind/solar water pumping system is desirable unless the 
price per Watt for solar-PV modules can be decreased significantly and/or efficiency of Solar-PV modules can 
be improved significantly. For helical and centrifugal pumps, standard 24 VDC multi-crystalline silicon PV 
modules will likely be a better choice than high voltage multi-crystalline or thin-film modules due to supply 
problems if modules are damaged in array.  However, if worldwide production increases for the high voltage 
modules, these modules would be better due to better motor/pump efficiency with higher voltage. For 
diaphragm pumps, using a controller is nearly always the best option instead of directly connecting PV array to 
pump motor. 

El-Gayar and Gad, 2011 developed a simple methodology for sizing and performance prediction of the 
direct coupled PV water pumping system under Toshka-Egypt climate conditions. The system consisted of a PV 
array, a pump controller and a submersible pump. A battery bank and charge controllers were added for night 
lighting. MATLAB computer simulation program was developed to solve the system governing equations and 
predict its performance at different design and operating parameters. The program used models for solar 
radiation data at different tilt angles and tracking schemes. Solar radiation obtained from the theoretical model 
was compared with that obtained from the National Aeronautics and Space Administration (NASA) database. 
Results showed the daily global solar radiation on per m2 horizontal surfaces for each day of the year with a 
maximum value (summer solstice, June 21st) of 8.12 kWh/m2 and a minimum value (winter solstice, December 
21st) of 4.4 kWh/m2. And for the equinoxes (21st of March and September), it turned to be 6.92 kWh/m2. The 
optimum tilt angles for summer solstice, equinoxes and winter solstice were with south facing PV array at tilt 
angles of (Latitude-15˚), (Latitude) and (Latitude+15˚) respectively. This system is suitable for people who 
require a maximum output in a certain season of the year. However, the array tilt angle that equals the latitude 
was a good option to the all-year fixed angle system. Moreover, the seasonal and optimum tilt tracking were 
found to be the most suitable tracking schemes for simple people since they need less adjustment all over the 
year. 

Kordab, 2007 studied the priority options of photovoltaic systems for water pumping in rural areas in the 
ESCWA (Economic and Social Commission for Western Asia - the United Nations) member countries. The 
options for electrical supply to the water pumping system that were evaluated: Extension of national electric 
grid (to 5 and 10 km), use of Diesel generator sets and use of PV systems (with system cost 5, 7, 10, and 15 $US 
/ Wp). 

Makhomo and Omar, 2002 paper reviewed energy alternatives for groundwater pumping in remote-rural 
areas of South Africa which were not grid-connected or where grid extension costs were prohibitively high. The 
applicability of PV pumping under certain conditions was discussed using examples of in-service fieldwork 
results and experimental results of a laboratory PV pumping rig with remote monitoring capabilities using 
telemetry. The outcome of the survey and analysis showed that PV pumping can be competitive with other 
technologies under specific head and flow conditions. Oi, 2005 introduced the Maximum Power Point Tracker 
(MPPT) for the simulation of a simple but efficient PV water pumping system. The work includes discussion of 
various MPPT algorithms and control methods. He found that MPPT can significantly increase the efficiency 
and the performance of PV water pumping system compared to the system without MPPT. Raddad, 2005 
discussed the water supply and water statistics in Jordan. Two methods were used to the water supply; the first 
was administrative records from the Ministry of Water and Irrigation, and the other depended on an annual 
survey conducted by the department of statistics to collect data related to water use by Jordan’s main economic 
activities. Stricklin A., 2006 prepared a briefed report about a water pumping project at the Gunda Secondary 
School in Nkungi Village – Tanzania. The report described the practical phases of the project with a step-by-
step explanation of conducted tasks.  

In this work, a comprehensive investigation will be carried out for four selected water production wells, out 
of 55 in total, at Disi site for the project to power underground water pumping using a PV power plant. Studying 
Disi wells in Jordan covers much larger water requirements than the previous studies with much deeper wells 
resulting in larger head values. At the same time, pump power rating might reach 250 kW per well pump which 
will need more intensive study for the design and selection of the appropriate PV system components. 

        
Disi Site Overview: 
Site Location: 

The Disi-Mudawara to Amman Water Conveyance Project is a water supply project currently under 
construction in Jordan. It is designed to pump almost 100 million cubic meters of water per year from the 
Disi aquifer, which lies beneath the desert in southern Jordan and north-western Saudi Arabia. The water is to be 
pumped to Amman through 1.5 m diameter pipes. Construction began in 2009 and is expected to be completed 
in January 2013 with a total cost of JD 1.2 billions. In the Disi-Mudawara to Amman Water Conveyance System 
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Project, high rates of underground water pumping are required for the 55 production wells that might reach 100 
million m3/year from all wells (almost 250 m3/hr from each well for 24 pumping hours per day) with an average 
manometric head of 190 m. The proposed pump type to be used is a 14” turbine submersible pump installed in 
an 18 ⅝” well casing with an estimated motor size of 150 - 250 kW for each well pump. 

The project is located in the farthest South of Jordan next to Wadi-Rum in an area called Al-Disi as shown 
in Fig. 1. The implementation of an electrical grid will be difficult and very costly due to the hard desert terrain 
and the distant wells, which cover a circular area of 40 km or more in diameter. The use of Diesel generators 
will be also very expensive on a life cycle cost basis due to costs of fuel, maintenance and operation. And 
because of the high solar irradiation levels in Disi area and the high number of shiny days throughout the year, 
solar pumping through the use of off-grid photovoltaic panels’ electricity could be an efficient-cost effective 
method for the long-life water supply. 

 

 
Fig. 1: Location of Disi well field 

 
Site Well-field Topography and Hydrogeology: 

The natural construction of Disi consists of high mountain ridges with steep sides and wide valleys. In 
between, 55 production wells were arranged in 12 main lines forming a plant-shaped distribution as shown in 
Fig. 2. The wells differ in altitude, which will cause the static water level inside those wells to vary 
considerably.  

 

 
Fig. 2: Disi well-field map-gamma (Source Ministry of Water and Irrigation) 
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Table 1 lists the longitude and latitude angles of the 55 production wells and the 9 piezometers, along with 
its altitudes and the actual static water levels measured for the drilled wells before end of October 2011. Noting 
that the letters P and W  before each well number represent production wells, and letters PZ represent 
piezometers. As can be seen from the Table 1, the actual static water levels are found to be self-arranged 
ascending in compliance with well altitudes. A closer insight regarding this relationship is shown in Fig. 3, 
where the increase in well altitude does not affect the altitude of the aquifer water level. It would necessarily 
mean that the aquifer is a single water body with an almost flat surface. Therefore, a trend of the static water 
levels could be predicted through well altitudes. 
 
Table 1:  Disi Well-Field Geological Data. (Source: Site Drilling Company) 

Well No. Longitude 
(Degrees) 

Latitude 
(Degrees) 

Elevation 
(Meters) 

Actual Static 
Water Level 

(Meters) 
Well No. Longitude 

(Degrees) 
Latitude 

(Degrees) 
Elevation 
(Meters) 

Actual Static 
Water Level 

(Meters) 
P08 35°52’01” 29°23’10” 807.5  W28 35°47’06” 29°22’45” 868.7  
W26 35°50’42” 29°20’47” 807.8  W32 35°46’56” 29°24’04” 869.6 136.9 
P07 35°51’42” 29°23’47” 814.3 93.3 W23 35°49’39” 29°22’41” 869.7  

PZ06 35°51’11” 29°22’28” 815.0 94.1 W05 35°47’44” 29°23’54” 870.0  
P06 35°51’28” 29°24’27” 822.0 99.7 W53 35°40’09” 29°26’08” 871.6  
W25 35°50’22” 29°21’25” 824.0 101.6 W01 35°49’05” 29°27’06” 872.0  

PZ02N 35°37’57” 29°28’43” 825.5  W40 35°47’32” 29°26’44” 872.8  
P05 35°51’03” 29°25’01” 827.8 104.8 W45 35°43’25” 29°26’57” 873.4  
P04 35°50’30” 29°25’30” 836.0 111.6 W07 35°46’06” 29°23’12” 873.6  
W43 35°45’45” 29°28’39” 841.7  PZ05 35°48’06” 29°22’32” 873.6 141.8 
P03 35°50’08” 29°26’05” 842.5 117.2 W33 35°46’22” 29°24’32” 873.8  
W42 35°45’21” 29°28’04” 845.5  W29 35°47’00” 29°22’05” 875.8  
PZ07 35°52’04” 29°25’53” 846.7 127.8 W34 35°46’13” 29°25’12” 876.2 147.3 
W41 35°44’54” 29°27’32” 847.5  W02 35°48’30” 29°27’33” 876.7  
W24 35°49’52” 29°21’56” 851.3  W31 35°47’44” 29°20’54” 877.7  
W52 35°39’32” 29°27’31” 851.4  W30 35°47’17” 29°21’28” 879.1  
W38 35°45’49” 29°26’51” 852.6  W54 35°40’17” 29°25’27” 879.8  
W51 35°40’15” 29°27’15” 853.2  W03 35°48’48” 29°24’54” 879.8  
P02 35°49’40” 29°26’39” 854.3  W11 35°44’21” 29°21’11” 880.9  
W44 35°44’00” 29°27’23” 855.6  W04 35°48’15” 29°24’24” 881.9 151.9 
W37 35°44’49” 29°26’51” 855.9 126.1 W10 35°44’38” 29°21’51” 882.6  
W22 35°49’25” 29°23’24” 856.2  W46 35°42’58” 29°26’24” 883.5  
W39 35°46’35” 29°26’47” 857.0 127.0 W08 35°45’22” 29°23’00” 884.1  
W36 35°45’19” 29°26’20” 857.9  W12 35°44’05” 29°20’32” 886.5  
W50 35°41’15” 29°26’53” 860.6  W09 35°44’49” 29°22’32” 889.8  
W49 35°41’57” 29°27’15” 861.3  W55 35°39’49” 29°24’55” 893.3  
P01A 35°47’17” 29°28’24” 862.1  PZ08 35°46’09” 29°20’33” 894.2 158.4 
W21 35°49’17” 29°24’19” 864.2  W47 35°42’29” 29°25’52” 895.7 161.3 
W48 35°42’43” 29°27’24” 865.2  PZ03 35°47’58” 29°25’35” 902.0 173.0 
W06 35°46’51” 29°23’24” 865.6  W27 35°42’24” 29°25’11” 904.0  
PZ01 35°42’53” 29°28’33” 868.0 140.3 PZ04 35°49’40” 29°28’37” 925.6 204.0 
W35 35°45’48” 29°25’46” 868.0  PZ09A 35°41’15” 29°23’24” 940.0 183.9 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3:  Well altitude versus altitude of corresponding aquifer water level 
 

The production wells were categorized into five main groups depending on their altitudes and the 
classification of wells was done based on a simple mathematical modelling from which one well was selected 
from each group. Four design wells were selected and they were geographically optimized to represent the 
whole Disi well-field. The selected wells were: W25, W39, W34 and W47 of group A, group B, group C and 
group D, respectively. The positions of these wells are marked with stars as shown in Fig. 2. It should be taken 
into consideration here that the level of water wells will be decreased by the withdrawal of thousands of cubic 
meters per day and this is called   drawdown. Fig. 4 illustrates the expected drawdowns for the next 25 years, 
studied through intensive hydro-geological analysis of the aquifer.    
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Fig. 4: Predicted water drawdown of design wells 
 

Disi Weather Condition: 
The daily weather condition was recorded for a whole year (August 2010 till July 2011) through on site 

observations, and the following statistical diagram in Fig. 5 shows the results.  
 

 
 

Fig. 5: Statistics of the monthly weather condition for Disi site between August 2010 and July 2011 
 

Disi Temperature: 
Temperature values depended on the daily weather forecasts of Wadi Rum obtained from various media 

sources such as TV and internet. The average monthly ambient temperatures for day and night are shown in Fig. 
6.  

 
 
Fig. 6: Monthly Average Ambient Temperatures (High and Low) in Disi Area from August 2010 till July 2011 
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Disi Wind Speed: 
Monthly-averaged wind speed values were measured on the top of the rig’s 9-meter mast. The yearly-

averaged reading should equal at least 5.8 m/s to be considered as feasible, RETScreen 2004. The yearly 
average values for Disi area is 7.7 m/s as shown in Fig. 7, thus they represent a good potential of wind energy 
available.  

 

 
 

Fig. 7: monthly average wind speed in Disi area from August 2010 till July 2011 
 

Pump Design: 
According to Disi project specifications, the motor powers for the well pumps (250 KW each) were already 

selected from the submersible type. Pump selection depended upon specific application requirements and cost 
considerations. For this study purposes, system flow and head requirements of the selected four wells are to be 
determined and checked to verify the actual pump selection. The required motor power for the submersible 
pump is to be calculated according to the following procedure: (a) determining the flow requirements. This was 
taken as 80 liters/sec according to the agreed pumping specifications; (b) estimating the total pumping head; (c) 
calculating the required pump power at various pump efficiencies; (d) calculating the required motor power at 
various motor efficiencies. After conducting the previous steps, the maximum resulting motor power, that is 
required to operate the centrifugal pump after 25 years, is to be investigated and compared to that of the actual 
pump selected. 

 
Total pumping Head Design Calculations: 

To ensure that the selected pump will fulfil all head or discharge pressure requirements; the total pumping 
head TH has to be calculated which is directly affected by drawdowns and can be obtained from the following 
equation: 
 

( )mFLDDSWLHT ++=                                 (1) 
 
Both static water levels and drawdowns of wells in Eqn. (1) were discussed earlier, only values of friction 

losses are to be calculated by using the Darcy-Weisbach equation:  
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For current pumping case, pumping lines connecting the submersible pump and the pressure tank are 

already selected to be of galvanized steel pipes with internal diameter iD  of 40 cm and internal roughness ie  of 

0.15 mm.  Velocity can be calculated from the designed flow rate slQ 80= and friction factor f can be 
obtained from Moody’s diagram. Hence, friction loss FL  can be found for 250 meters of pipe length would be 
calculated from Eqn. (2). The estimated head losses in meters are graphically shown in Fig. 8 for the four design 
wells during the next 25 years of pumping. The previous values of head losses are clearly not significant, and 
can almost be neglected when estimating the pumping head. Then, the total pumping heads of design wells for 
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the next 25 years of water pumping can be directly calculated from Eqn. 1, and the following Table 2 lists the 
results. 

 

 
 

Fig. 8: Calculated Friction Losses of Design Wells for Next 25 Years of Pumping 
 

Table 2: Total pumping head (TPH)  of design wells for the next 25 years of pumping 

Well No. Initial TPH (m) 5-Year  TPH 
(m) 

10-Year  TPH 
(m) 

15-Year  TPH 
(m) 

20-Year  TPH 
(m) 

25-Year  TPH 
(m) 

W25 101.63 138.86 147.37 153.28 156.68 159.18 
W39 128.52 163.84 171.95 177.56 180.76 183.16 
W34 147.42 179.95 187.35 192.56 195.46 197.66 
W47 161.40 179.02 183.02 185.82 187.42 188.53 

 
Water Power, Pump Power and Motor Power: 

Water Power WP  is the power required to raise water at a specified flow rate against a specified head, 
assuming 100% pump efficiency, and this can be calculated by Eqn. 3 

 
( )( )( ) ( )kWHQgP TW

ρ=                                                                     (3) 
 
Pump Power PP  can be either the power developed at the motor shaft (motor output) or that absorbed at the 

pump shaft (pump input), and it depends on the Pump Efficiency Pη  according to Eqn. 4; 

( )kW
P

P
P

W
P η
=                            (4) 

Motor Power mP is that needed by the electrical motor to operate the pump, it differs according to the 
Motor Efficiency  as shown in Eqn. 5 below: 

( )kW
P

P
m

P
m η
=                           (5) 

For the design wells, mP  values are listed in Table 3 for the next 25 years of continuous water pumping. 
Pump and motor efficiencies were taken as 77.9% and 89% respectively from the specification of the originally-
selected submersible pump.  

 
Table 3: Motor power mP  of design wells at %9.77=Pη  and %89=mη  

Well No. Initial  
(kW) 

5-Year  
(kW) 

10-Year  
(kW) 

15-Year  
(kW) 

20-Year  
(kW) 

25-Year  
(kW) 

W25 115.05 157.19 166.82 173.50 177.35 180.19 
W39 145.47 185.47 194.64 200.99 204.61 207.33 
W34 166.88 203.69 212.08 217.97 221.25 223.75 
W47 182.70 202.64 207.17 210.34 212.16 213.40 
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Figure 9 shows the change in the required pump power related to different pump efficiencies and different 
total pumping heads for water flow rate of 80 l/s. Fig. 10 illustrates the changes in the required motor power due 
to different motor efficiencies and different total pumping heads for water flow rate of 80 l/s and a moderate 
pump efficiency value of 85%. Referring to values shown in Fig. 10, the motor power at highest pumping head 
and lowest motor efficiency would hardly exceed 260 kW at worst conditions. Therefore, selecting a 270 kW 
FLOWSERVE semi-axial submersible pump was very adequate. 

 

 
 

 Fig. 9: Pump power at different pump efficiencies and different pumping heads 
 

 
 

Fig. 10: Motor power at different motor efficiencies and different pumping Heads  
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Photovoltaic (Pv) System Design: 
In this current work, the use of a PV system to power the submersible pumps at Disi project is limited to 

lifting water from each well to the collecting reservoir at the top of that well, where afterwards, water from each 
group of wells will be pumped again through a series of pipelines with different diameter-stages. Therefore, the 
design of a PV system will only depend on the electrical demand of that submersible pump motor, and will 
necessarily require all components of the intended stand-alone PV system to be selected according to the system 
type, site location and application requirements. The main objective of the term “PV System Design” is to be 
able to size and choose the elements of a stand-alone photovoltaic installation. The system sizing implies 
deciding the number and type of solar panels required to capture the solar energy, the capacity of the battery that 
will store energy for the days of little or no sun. The given design in this paper will be limited to the main 
components. These are: PV sizing and type; inverter sizing; battery sizing and type. Also, it should be noted 
here that the method of worst month (MWM) and the peak sun hours method (PSH) will be evaluated to 
complete the design work.   

 
Method of the worst month (MWM): 

The MWM implies that the parameters of the stand-alone PV system should be calculated so that it can 
work in the month of the greatest demand of energy with respect to low amount of solar energy available. In 
other words, the worst month is the month with the biggest ratio of demanded energy versus available energy. 
The method is used on a wide range for its simplicity and satisfactory results. The energy demand of the pump is 
constant year-round, that is due to the fixed amount of water required and assumed constant pumping head. 
Therefore, MWM will design the PV system of each well depending on two main factors: (a) The month of the 
minimum solar radiation of the year and (b) The year of the maximum energy requirements of that well. To 
ensure the applicability of this method, the 25-year study period is to be divided into intervals of 5 years, and the 
MWM will be applied at each period consecutively. The worst month in solar irradiation can be assumed to be 
the same throughout the study period. The only factor that will affect the change of worst case conditions is the 
total pumping head that varies due to drawdowns. Total pumping head will be taken at the end of each 5-year 
period, and then added to the initial conditions of the first period (the current starting conditions of the project). 
Taking Well W25 as an example, the recommended day of the worst month of the year in solar radiation was 
found to be .,10 Decth , the total energy received by the 40 -tilted surface on monthly basis was equal to 

daymkWhHT //375.5 2= and number of daylight hours of average day of worst Month 16.10=N  
(calculations of NHT , are outside the scope of this paper), with the characteristics of each period listed in on 
tilted surface  

 
Table 4: Characteristics for MWM for each phase of the study period - well -25 

Interval 

Well W25  
Worst Month December  

Irradiation Worst Month TH on tilted surface ( )40=β   5.375 kWh/m2 

Recommended Average Day of the Worst Month 10-Dec  
No. of Daylight hours of Average Day of Worst Month N  10.16  

0 – 5 Years 
Motor Power Required after 5 Years mP  157.19 kW 

Draw Down after 5 Years DD  37.2 m 

5 – 10 Years 
Motor Power Required after 10 Years mP   166.82 kW 

Draw Down after 10 Years DD  45.7 m 

10 – 15 Years 
Motor Power Required after 15 Years mP  173.50 kW 

Draw Down after 15 Years DD  51.6 m 

15 –20 Years 
Motor Power Required after 20 Years mP  177.35 kW 

Draw Down after 20 Years DD  55.0 m 

20 –25 Years 
Motor Power Required after 25 Years mP  180.19 kW 

Draw Down after 25 Years DD  57.5 m 

 
Peak Sun Hours Method (PSH): 

The number of Peak Sun Hours can be calculated using Eqns. 6, 7 and 8 

( )Hours
H
H

PSH
STC

T=             (6) 
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2
maxmax, mWhPPSHPout ×=            (7) 

( )HoursPSH 38.5
1000
5375

==                                                                                                                      (8) 

                           
Where: STCH  is the peak sun irradiation in Wh/m2. , TH     is the total radiation of a certain day Wh/m2 

, max,outP , the expected maximum energy output of that solar panel  in Wh/m2  and maxP is the maximum 
power value of a previously-selected PV panel  in Wp/m2 

In the present case, for December 10th at 25375 mWhHT = , the number of peak sun hours can be 
calculated. If one considers the number of daylight hours  hoursN 21:10=  for average day of the worst 
month, i.e. the 10th of December, then the system has to operate for almost 5 more hours on its own. And that 
has to be considered when sizing the system batteries, and to be included through adding more PV panels to 
recharge those batteries. 

 
Inverter Sizing: 

The Power Input of the Inverter ininvP ,  , which would necessarily represent the power output of the PV 

array, can be calculated using the maximum demanded power for water pumping max,mP of each well under 

consideration given in Table 3, and the inverter’s CEC weighted efficiency CECinv,η  , as follows in Eqn. 9: 

( )kW
P

P
CECinv

m
ininv

,

max,
, η

=              (9) 

 
The amount of power required per day in kWh would be calculated as in Eqn. 10; 

 
( )dayperkWhPP kWininvkWhininv 24,,,, ×=                                                                                          (10) 

 
Therefore, considering the maximum demanded power for each of the four design wells, Table 5 shows the 

corresponding input power of the inverter for each of the five phases of the study period. 
 
Table 5: Inverter input power kWhininvP ,,  of design wells at  %97, =CECinvη  at each pumping phase 

Well No. W25 W39 W34 W47 

kWhininvP ,,  

(kWh/day) 
0-5 Years 

3889 4589 5040 5014 

kWhininvP ,,  

(kWh/day) 
5-10 Years 

4127 4816 5247 5126 

kWhininvP ,,  

(kWh/day) 
10-15 Years 

4293 4973 5393 5204 

kWhininvP ,,  

(kWh/day) 
15-20 Years 

4388 5063 5474 5249 

kWhininvP ,,  

(kWh/day) 
20-25 Years 

4458 5130 5536 5280 

 
PV array sizing and Panel type selection: 

The total number of PV panels required by each of the design wells can be found using the following 
equations: 
 

( ) ( ) ( ) ( )[ ]( ) ( )PMBCTactual WPLLLLP maxmax, 1111 −×−×−×−=                              (11) 
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Where maxP  is the maximum nominal power produced by one PV panel of the selected type in PW . 

MBCT LandLLL ,,, are the loss factors due to temperature losses, cable losses, battery losses and 
mismatching losses consequently.  In this study, %7=TL , %,5=CL %5=BL and %4=ML values were 
taken from German Energy society, 2006 . Then Eqn. 11 may be applied to estimate the actualPmax,   produced 

DC power by a single PV panel actualPmax,  of the type MAXPower CS6X-300P from Canadian solar Inc. with 

PWP 300max = .  
The daily actual power produced by a single PV panel in kWh can be calculated then using Eqn. 12. 

 









×= Moduleper

day
kWhPPSHP actualactual max,max,                       ..                     (12) 

To determine the total needed quantity of PV panels, the required power input of the inverter kWhininvP ,,  is 
to be considered while using Eqn. 13; 

actual

kWhininv

P
P

panelsPVofnumberTotal
max,

,,=                                                                                                   (13) 

Using kWhininvP ,,  data from Table 5 yields the estimated number of PV panels required at each of the 
four design wells at the beginning of the project, and the number of modules to be added at each of the pumping 
periods, as shown in Table 6, which is directly proportional to the water requirements of the wells. 

 
Table 6: Total number of PV panels required by each of the design wells 

Well No. W25 W39 W34 W47 
Initial   (0-5 Years) 2969 3503 3847 3827 

 Added   (5-10 Years) 182 173 158 85 
Added (10-15 Years) 127 120 111 60 
Added (15-20 Years) 73 69 62 34 
Added (20-25 Years) 53 51 47 24 

Total 3403 3916 4226 4031 
                                                                                                                                                                                    
For the panel type selection, several aspects should be considered. These are; type of solar panel; size and 

watt; durability/longevity; warranty and cost. To decide whether to use poly-crystalline or mono-crystalline 
modules is not easy, it requires weighing costs against efficiencies, and since the cost has a higher importance in 
the configuration of this pumping system due to the large number of modules expected to be needed, poly-
crystalline modules are more likely to be selected, bearing in mind that their efficiency has also to be 
considerably high. 

 
Battery Sizing And Selection: 

Several factors may be affecting the performance of batteries for an off-grid PV system, namely; 
temperature, age, discharge rate and depth of discharge (DOD). The equations used for the battery capacity and 
numbers are given by Eqn. 14 and 15 as follows: 
 

( )AhN
VDOD

P
CapacityBattery a

sys

kWhininv

×

×
=

1000,,                                                                                   (14) 

 
By selecting a battery type, the number of batteries can be calculated from Eqn. 15 

 

Bat

sys

VCapacityRated
VCapacityBattery

BatteriesofNO =.                                                                                               (15) 

 
Where BatV  is the rated voltage in VDC of the selected battery. The increasing number of battery brands in 

the market today may cause confusion and disorientation while selecting the most appropriate type. Therefore, 
the selection should be made while considering the following factors: high battery capacity; well-known brand; 
adequate discharge rate and less cost and maintenance. And after going through many types of batteries while 
keeping in mind the previous factors, deep cycle lead-acid solar batteries from the American manufacturer 
Surrette seemed to be a promising choice. The 8 V Rolls Series 5000 battery with a 20-hour rated capacity of 
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820 Ah was selected. Table 7 shows the calculated battery capacity of each well at each pumping phase and the 
corresponding number of Surrette batteries required. It would be obvious that the quantities are huge, but the 
great amount of energy that needs to be stored justifies those figures. 

 
Table 7: Battery capacity and number of batteries for all design wells at each pumping phase 

Well No. 
Required Battery Capacity (Ah) 

Number of 8-Volt Surrette Batteries Needed 
W25 W39 W34 W47 

0-5 Years 324,083 
1186 

382,417 
1399 

420,000 
1537 

41,7833 
1529 

5-10 Years 19,833 
73 

18,917 
69 

17,250 
63 

9,333 
34 

10-15 Years 13,833 
51 

13,083 
48 

12,167 
45 

6,500 
24 

15-20 Years 7,917 
29 

7,500 
27 

6,750 
25 

3,750 
14 

20-25 Years 5,833 
21 

5,583 
20 

5,167 
19 

2,583 
9 

Total No. of Batteries 1359 1564 1688 1610 
  

Charge Controller and Selection: 
A charge controller, or charge regulator, regulates the voltage and current coming from the solar panels to 

the batteries in order to protect them from damage due to overcharging. According to standard practice, 
LEONICS Co., 2010. The sizing of solar charge controllers is 

 
( )DCSC AstringsofNoIratingcontrollereCh .25.1arg ××=                                                          (16) 

 
Where SCI  = short circuit current = DCA87.8  (MaxPower CS6X=300P Solar panel) 
 

5.2
.
.

. ≅=
Bat

sys

VbatteriesofNoTotal
VPanelPVofNoTotal

stringsofNo (for all design wells)                                        (17) 

 

Batsys VV
BatteriesofNoTotalscontrollerechofNo .arg. =                                                                                     (18) 

 
Results: 

The following summary in Table 8 list down the final resulting values for the design wells including water 
pumping variables, PV system size and cost. 

 
Discussion: 
Site Overview: 

Ambient temperature of Disi area turned out to be relatively high; averaged at 32.6° year-round. That 
affected the sizing of PV panels by higher power losses due to increased temperature, which reached 7% of total 
PV power produced, and contributed by 35% of the total PV array losses. It is a fact that wind can help to cool 
down PV modules and decrease the effect of the elevated Disi temperatures, especially as the average wind 
speed during summer season is around 8.2 m/s. It was verified that Disi water aquifer has a flat surface at almost 
725 m above sea level, which means that the static water level can be easily predicted at any place within the 
aquifer just by knowing the altitude. At the same time, rates of water drawdown from Disi wells were predicted 
to get steadier throughout the 25-year pumping period; meaning that drawdowns are going to be smaller and 
slower with time. Selection of the four design wells; W25, W39, W34 and W47 was carefully made so that each 
well results could be applied on any well within the same group. 
 
Pump Calculations: 

The pump and motor efficiencies were assumed to be constant throughout the study period. However, in 
real operation, those values will significantly decrease with time, which will require upgrading or even 
replacement of the submersible pump at certain periods of time. On the other hand, any change of power due to 
change in efficiency can be predicted using Table 3. It was found that friction losses had no significant effect on 
the total pumping head, which can be due to the vertical pumping arrangement and the type of pipe material, 
along with minimized number of fittings. 
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Table 8: Summary of results 
Well W25 W39 W34 W47 

Latitude (Degrees) 29°21’25” 29°26’47” 29°25’12” 29°25’52” 
Maximum TPH (m) 159 183 198 189 

Maximum maxP  (kW) 180 207 224 213 

Pump Type 270 kW FLOWSERVE semi-axial submersible pump 

December max,TH  (kWh/m2) 

 
 
 
 
 
 

5.38 5.43 5.43 5.43 

Number of PSH (Hours) 5:23 5:26 5:26 5:26 

Maximum kWhininvP ,,  (kWh) 4,458 5,130 5,536 5,280 

Inverter Type 250 kW SUNNY CENTRAL 250U by SMA Inc. 
Inverter Qty. 1 1 1 1 
PV Panels Type 300 Wp MaxPower CS6X-300P by Canadian Solar Inc. 
Total PV Panels Qty. 3,403 3,916 4,226 4,031 
PV System Voltage (VDC) 24 24 24 24 
Battery Type 820 Ah, 8 V Rolls Series 5000 by Surrette Inc. 
Total Battery Qty. 1,359 1,564 1,688 1,610 
Charge Controller Type 24 V, 80 ADC FLEXmax 80 by Outback Power Technologies 
Charge Controller Qty. 453 521 563 537 
Estimated Array Area (m2) 9,250 10,750 11,500 11,000 
Cost PV, kWh  (JD/KWh) 0.084 0.084 0.080 0.082 

 
PV  System Calculations: 

A relatively-high voltage level input was used for the inverter, specifically DCV550 , to reduce the DC 
currents which would help in reducing the size of cables required. However, the inverter has an operating input 
DC current range, among which it will produce its rated AC power. Out of this current range, the inverter will 
not operate to protect its internal parts and to ensure the output power reliability. The inverter will be directly 
connected to the well pump, with several apparatus in between, such as; soft starter for the motor to compensate 
high starting currents, protection relays, switches … etc. 

To decrease the total number of PV panels required, several measures can be considered, such as using 
mono-crystalline panels with higher efficiencies or decreasing peak power losses. At the same time, addition 
and replacement of PV components during the study period should take into consideration the continuous 
decrease in PV components' prices, along with the great rate of development for those components, which will 
definitely increase the reliability and efficiency of current PV technology. Arrangement of the large number of 
parallel PV lines, reaching more than 200 lines, will depend on the land dimensions. Therefore, panel wiring and 
battery wiring will play the key role in the arrangement of PV components to save area. Wiring should be 
carefully made to minimize cable losses and decrease the required array area. It was estimated that the required 
array area would be very large, reaching about 11,000 m2 and land availability would not be a problem for the 
case of this study.  

According to the Peak Sun Hours PSH method, the use of supplementary batteries during day operation 
ranges between 6 hours in the winter down to 3 hours in the summer, depending on the amount of the daily solar 
irradiation. Those supplementary batteries can operate as backup batteries for autonomous day operation (when 
the sun is blocked) since it will not be fully discharged in normal conditions. 

 
Conclusion: 

• Disi site was studied thoroughly in terms of  weather, temperature, wind speed, topography and 
hydrogeology. According to weather condition data, 281 days of the past year in Disi had no clouds in the sky at 
all, not even of the thin-scattered type. That represented 77% of year time, giving a great potential for 
maximizing the absorption of solar power. Meanwhile, the irradiation level of the worst month in Disi turned to 
be very promisingly high; reaching about 5.8 kWh/m2/day, which almost equals the best month radiation of 
wide areas in south Europe and Asia. Accordingly,  

• Total pumping head design calculations was carried out. Also, the motor power pump of the designed 
wells was calculated over the period of the project (25 years).  

• The method of the worst month MWM and peak sun hours PSH method were used, respectively. The 
results show that the worst month was December and the PSH were found to be 5.38 hours.  
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• The main photovoltaic PV components sizing and selection were conducted. This includes the PV 
panels, batteries, inverter, charge controller and cables. 

• The results of this study showed that using solar energy in Disi area for underground water pumping 
system is practically and theoretically applicable.  
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