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ABSTRACT 14 

The United Nations estimates that about 25% of the earth’s population will live in countries where 15 
access to water will be a recurrent problem by 2025. This article proposes a methodology and open-16 
access software tool for rural off-grid communities and users with little knowledge about solar 17 
photovoltaic water pumping systems (SPVWPS) to provide access to safe water for consumption. 18 
The proposed methodology assists in all stages of the project: conducting a prefeasibility study, sizing 19 
and optimizing, maintenance and financial analysis. It includes components selection (, optimal 20 
dimensioning of the SPVWPS, behavior prediction, yearly distribution of the water shortage 21 
probability (WSP) and a basic financial analysis. The tool suggests a water tariff to help ensure the 22 
project’s financial viability. The most interesting findings of this research is that the size – hence the 23 
feasabilty – of a project depends mostly on the population tolerance to water shortage. The concept 24 
of water shortage probability (WSP) is introduced to help in defining the appropriate size and cost of 25 
the systems. This WSP is calculated for each day of the year. A brief literature review is presented 26 
and two case studies were used to validate its potential. It is found that only about 10% of the total 27 
energy produced by the PV modules is effectively used to fulfill the water needs 28 

Keywords: Solar PV water pumping, System sizing, Optimization, Isolated communities, Off-grid. 29 
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 31 

NOMENCLATURE 32 

Symbols: 
    
Ac   Solar panel surface [m2] 
Isc Short-circuit current [A] 
Voc Open circuit voltage [V] 
Imp Max Current [A] 
Vmp Max Voltage [V] 
µVoc Voltage temperature coefficient [%/K] 
µIsc Current temperature coefficient [%/K] 
IL Radiation generated current [A] 
Io Diode inverse saturation current [A]  
a Modified ideality factor 
Rsh Shunt resistance [Ω] 
Rs Series resistance [Ω] 
n Day of the year 
k Boltzmann constant 
Eg Gap energy [J] 
IT Solar radiation over a tilted surface [W/hr.m2] 
Id Diffuse radiation [W/m2] 
Ib Direct radiation [W/m2] 
Rb Direct radiation coefficient 
Ms   PV modules in series 
Mp     PV modules in parallel 
Mp, max     Maximum PV modules in parallel 

nH0 
Number of hours for which the reservoir could be empty over a period of 
time, WV=0 

nHtotal Total number of hours for the period of time, usually a year (8760 hours). 
∆WV Variation step for reservoir size [L] 
WVtotal Reservoir size [L] 
WVmax Maximum reservoir size [L] 
WVmin Minimum or initial reservoir size [L] 
WV Volume of water in the reservoir [L] 
Qday Daily water consumption [L] 
Qmonth Monthly water consumption [L] 
Tc Cell temperature [°C] 
Tday Mean daily temperature, [°C] 
Qp   Amount of pumped water [L/day] and [L/hour] 
Qc Water consumption [L/day] and [L/hour] 
    
Greek characters: 
    
β PV panels tilt angle [°] 
δ Sun declination [°] 
γ Azimuth [°] 
ϕ Latitude [°] 
ρ Albedo - Soil reflectivity 
θ Incident angle of direct solar radiation over a surface [°] 
θζ Incident angle of solar radiation over an horizontal surface [°] 
ω Hourly angle [°] 
ωλ−χ Sunset hourly angle [°] 
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Index / Exponent: 
    
Stat Static 
Cond Conduct – friction 
Sing Singular losses 
Valves Losses trough the valves 
i Time period i 
amb Ambient temperature 
    
Abbreviations 
    
AC Alternative Current 
DC Direct Current 
EPW Energy Plus Weather 
LCC Life Cycle Cost 
LLP Load Losses Probability or Loss of Load Probability (LOLP) 
MPPT Maximum Power Point Tracking 
NOCT Nominal Operating Cell Temperature 
NPV Net Present Value (USD) 
PMSM Permanent Magnet Synchronous Motor 
PV Photovoltaic 
PWM Pulse Width Modulation 
ROI Return Over Investment (%) 
SPVWPS Solar Photovoltaic Water Pumping System 
TRNSYS Transient System Simulation Tool 
Wp Watt-Peak 
WSP Water Shortage Probability [%] 
NASA National Aeronautics and Space Administration 
    
Measuring units 
    
Power Watt-peak [Wp] for PV modules and Watt [W] for other sources/loads 
Energy Watt hour [Wh] 
Volume Cubic meter [m3] or Liters [L] 
Distance Meters [m] 
Voltage Volts [V] 
Current Ampere [I] 

 33 
 34 
1. INTRODUCTION 35 

Access to an improved1 water source is a fundamental condition for human life. Several 36 
organizations, governments, private enterprises and universities have been dealing with this problem 37 
for decades. However, studying this issue is still relevant in 2021 for the obvious reason that many 38 
small and relatively poor isolated communities still do not have access to an improved water source, 39 
but also since the optimal sizing of water pumping systems has yet to be improved. 40 

 41 
According to UNICEF and the WHO, more than 600 million people or about one person out of 42 

ten did not have access to an improved water source in 2015 (UNICEF and WHO, 2015). Figure 1 43 
shows that most of these people live in Sub-Saharan Africa.  In 2019, it was 785 million 44 

                                                 
1 An improved source of water means that the water is collected in such a way as to prevent it from being contaminated.  
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people (World Health Organization, 2019). The United Nations also estimates that about 25% of the 45 
earth’s population will live in countries where access to water will be a recurrent problem by 2025 46 
(Ki-Moon, 2016). A closer look shows that 80% of these people live in rural areas, most of which are 47 
off-grid isolated communities; Figure 2 shows that poor access to an improved water source is also 48 
related to revenue. 49 

 50 

.  51 
Figure 1: Percentage of the population using an unimproved water source (UNICEF and WHO 52 

2015) 53 

 54 
The manual collection and transportation of water have also been studied by the United Nations. 55 

The study reveals that women are often responsible for this work in developing countries. On average, 56 
they have to carry 40-pound containers and travel an average daily distance of 3.5 miles (more than 57 
5 km / day) (United Nations - Human Rights, 2010). Reducing the time taken to collect and transport 58 
water is essential not only to improve access to water, but also to improve access to education, to 59 
increase productivity and to enrich the quality of life of communities (Slaymaker and Bain, 2017).  60 

 61 

 62 
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Figure 2 : Access to improved water sources with respect to wealth (FAO 2011) 63 

 64 
Most of the countries that did not meet the millennium’s development goals regarding water and 65 

sanitation access in 2015 are located between latitudes -40° and 40°, where the solar energy resource 66 
is abundant and where the number of hours of sunshine is relatively constant throughout the year 67 
(UNICEF and WHO, 2015).  68 

 69 
Using solar energy to partially or completely solve this issue has been an option for a long time. 70 

The first solar photovoltaic (PV) water pumping systems date back to the early 1970’s (Bahadori, 71 
1978; Dannies, 1959; Pytilinski, 1978; Wenham, 2007). The efficiency and reliability of the 72 
technology and elements used to construct the solar PV modules have substantially increased while 73 
the system’s cost has gone down significantly. Figure 3 shows the recent drop in the cost of PV 74 
systems indicating that PV modules are now quite affordable and that the other components of a solar 75 
PV water pumping system (SPVWPS), namely the water reservoir, will become the financial 76 
threshold for the viability of a project. 77 

 78 

 79 
Figure 3: Evolution of utility scale solar PV auction prices around the world (IRENA 2017) 80 

 81 
Similar comments although to a lesser extent, can be formulated regarding the pumping 82 

equipment, which becomes more efficient and cost effective with every passing year, thus globally 83 
making the solar PV water pumping system (SPVWPS) an interesting solution.  84 

 85 
Currently, the major problem that needs to be solved is the diffusion of information about such 86 

systems. Very few communities are aware that SPVWPS are available, that they are just as reliable 87 
as or even better than diesel systems, and moreover nowadays cheaper to operate. Communities that 88 
are aware of them tend to reject SPVWPS, because they consider PV modules expensive and "high-89 
tech", and therefore believe that they are more complex and expensive to operate than in reality. One 90 
of the challenges to overcoming this, is the lack of information available and easily understood by 91 
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end users and managers (e.g. community leaders and government employees amongst others). In fact, 92 
the World Bank offers a wide range of resources ranging from scientific articles and studies to 93 
evaluation programs, but since most end-users do not have the level of academic training required to 94 
understand what is available, these resources lose their intrinsic value and do not have the desired 95 
effect. The World Bank (The World Bank, 2015) also proposes a performance evaluation model that 96 
bases its assessment on the aptitudes and knowledge of a community to operate a water system, and 97 
when it comes to the financial aspect, it suggests that planning should be made based on a proper 98 
tariff for water. This evaluation can also be incorporated into a business model to promote the 99 
replacement of diesel-based systems by solar-based systems (The World Bank and Bloomberg New 100 
Energy Finance, 2015). 101 

 102 
In this context, the main objective of this research is to develop a methodology software 103 

application able to size photovoltaic solar water pumping systems for small and relatively poor 104 
communities that are remotely located, i.e. isolated from water and electricity networks. The ultimate 105 
goal is to ensure that women and girls to spend less time fetching water. This methodology is to be 106 
implemented in a user-friendly and upgradable computer tool for free distribution. Based on the data 107 
entered by the user to define the characteristics of a particular pumping application, the tool will 108 
determine the size of the SPVWPS needed to deliver water reliably and also improve the economic 109 
viability of the project. The users can change the input parameters, so as to be able to analyze all the 110 
possibilities and select from these the best solution according to their community’s needs. 111 

 112 
The underlying purpose of the tool is to enable users with little knowledge about solar photovoltaic 113 

water pumping systems to obtain a pre-feasibility technical and economic study of the project; the 114 
tool will indicate the quantity and model of PV modules to be used, the pumping equipment required, 115 
and the size of the water tank. The system will also provide financial planning assistance by 116 
calculating the amount of money required for the initial investment, periodic costs and asset 117 
maintenance, as well as the tariffs for the service. Finally, easily readable diagrams of the energy and 118 
monetary fluxes of the system shall be produced to assist in understanding the operating principle 119 
and economic viability of the SPVWPS. 120 

 121 
This article is organized as follows: section two presents a brief review of relevant and recent 122 

publications in solar PV water pumping systems and helps position the present research in this body 123 
of existing knowledge; section three presents the proposed methodology with sufficient details to 124 
enable the implementation of the main ideas into a custom code; finally the results are presented in 125 
section four as well as two case studies used to assess the validity and performance of the 126 
methodology compared to other methods. Naturally, the document closes with the conclusions of this 127 
research. 128 

2. LITERATURE REVIEW 129 
Water pumping for remote off-grid zones is an application where the use of electric energy 130 

produced by solar PV panels can be well adapted, namely because a water reservoir can act as a 131 
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battery to make up for the daily or weekly difference between the availability of energy and the need 132 
for water. Several researchers have dealt with this particular kind of application, tackling different 133 
aspects:  134 

• sizing (Bakelli et al., 2011; Cuadros et al., 2004; Glasnovic and Margeta, 2007; Hamidat 135 
and Benyoucef, 2009; Meah et al., 2008; Mérida García et al., 2020; Pande et al., 2003; 136 
Setiawan et al., 2014; Zavala et al., 2020),  137 

• optimization (Benlarbi et al., 2004; Betka and Attali, 2010; Campana et al., 2015; 138 
Ghoneim, 2006; Glasnovic and Margeta, 2007; Govindarajan et al., 2014; M. et al., 2013; 139 
Olcan, 2015; Sallem et al., 2009),  140 

• financial performance (Carrêlo et al., 2020; Foster and Cota, 2014; Kolhe et al., 2002; 141 
Kumar and Kandpal, 2007; Lal et al., 2013),  142 

• performance prediction (Benghanem et al., 2014, 2013; Flores et al., 2012; Hamidat and 143 
Benyoucef, 2008; Mokeddem et al., 2011; Salilih et al., 2020) 144 

• greenhouse emissions reductions and environmental aspects (Kumar and Kandpal, 2007; 145 
Todde et al., 2018),  146 

• etc. 147 
This section reviews these studies. 148 

2.1. Sizing  149 
Regarding sizing or dimensioning, proposed methodologies are very similar in the majority of the 150 

published articles (Bakelli et al., 2011; Cuadros et al., 2004; Hamidat and Benyoucef, 2009; Meah et 151 
al., 2008; Pande et al., 2003; Setiawan et al., 2014). In these papers, the components of the SPVWPS 152 
are considered as independent, that is, the interactions between them are left aside. Glasnovic and 153 
Mergeta (Glasnovic and Margeta, 2007) were among the first to present a method that embeds both 154 
sides of the problem: demand and production.  Moreover, most of the dimensioning calculations are 155 
made for the so-called worst month, where solar radiation is lowest with no regards to water needs. 156 
The process of components selection is often neglected despite its capital importance. System 157 
dimensioning and components selection are the key steps in determining the initial investment and 158 
the SPVWPS system’s long-term performance. In other words, a mistake in sizing can lead to higher 159 
initial investments than needed or poorer system performance by which the system is not capable of 160 
pumping enough water when confronted to the expected consumption. On the other hand, bad 161 
component selection is fairly widespread in SPVWPS and may cause performance losses of about 162 
18% (Wenham, 2007). 163 

 164 
Several optimal-sizing algorithms, able to manage multiple parameters simultaneously, can be 165 

used; however, the most common optimization criterion is the minimization of the PV generator’s 166 
size (i.e., reduction of the number of PV modules in the system) while guaranteeing a certain amount 167 
of water is being pumped for a particular application. Sizing with this sole criterion in mind leads to 168 
several disadvantages. First, proper functioning for the months other than the “worst month” 169 
(Glasnovic and Margeta, 2007) cannot be guaranteed, second, the importance of other components in 170 



8 
 

the system’s performance are neglected and third, the financial behavior of the SPVWPS is not 171 
considered as a whole, since the cost of the water reservoir is not factored in.  172 

 173 
Batteries can be integrated to a SPVWPS to make it possible to store electric energy for times 174 

when available solar radiation is lower than consumption needs, e.g. at night. In 2015, some 250MW 175 
of utility-scale electricity storage (excluding pumped hydro and lead-acid batteries) were installed 176 
worldwide, up from 160MW in 2014. Announced projects reached 1.2GW (Frankfurt School-UNEP 177 
and Bloomberg New Energy Finance, 2016). However, their long-term cost is still too high for remote 178 
off-grid rural communities despite a 77% drop in costs in recent years (Lambert, 2017). Another issue 179 
is their limited expected lifespan, normally between 2.5 and 10 years depending on the type of battery 180 
(Rydh and Sandén, 2005). Energy storage can then take the form of batteries but water reservoirs is 181 
more common and reported as less expensive (Muhsen et al., 2017). A suitably designed water 182 
reservoir can accomplish a similar function for a fraction of the cost, and with reduced maintenance 183 
and a longer lifespan (The World Bank and Bloomberg New Energy Finance, 2015).   184 

 185 
Pande et al. (Pande et al., 2003) proposed several criteria for designing a photovoltaic pumping 186 

system for crop irrigation. First, water requirements are defined for each plant, as well as the 187 
theoretical energy required to pump water according to these requirements, while taking into account 188 
pressure losses. In terms of water consumption, several variables are mentioned, such as the phases 189 
of plant growth, soil type and season; also, the consumption pattern varies over time throughout the 190 
year. However, only the peak consumption is considered when dimensioning the system. The 191 
selection criteria for the pump are the volume of water to be pumped, the working pressure of the 192 
system, the pressure drops and the efficiency of the pump-motor assembly. However, the process of 193 
selecting the pump is not explicit. The number of PV modules is defined based on the theoretical 194 
efficiency of the pump-motor unit, the nominal power of the modules and the rated power of the 195 
pump, but the data and calculations are not shown. 196 

 197 
The research carried out by Cuadros et al. (Cuadros et al., 2004) is based on a software tool 198 

developed in Matlab® for dimensioning SPVWPS used in an irrigation application. In that study, the 199 
selection of components is not considered; in other words, the components used (pump and solar PV 200 
panel model and type) are imposed. The size of the PV generator is estimated along with the 201 
calculated water needs for a specific crop that is to be irrigated. The study by Hamidat and Benyoucef 202 
(Hamidat and Benyoucef, 2009) is based on the Load Losses Probability (LLP) to dimension the 203 
SPVWPS, taking the water reservoir as an analog of the batteries, being able to provide water even 204 
during the night or in poor sunshine conditions. The solutions obtained with their methodology 205 
include the rated power of the PV generator and the reservoir size, depending on the desired LLP 206 
threshold. Although preponderant elements to be used are imposed, i.e. pump and PV modules model, 207 
several solution sets are possible depending on the chosen LLP. However, it is still not clear which 208 
solution would be best, since the financial criterion is not included in the analysis.  209 

 210 
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Bakelli et al. (Bakelli et al., 2011) have addressed this deficiency, determining the solution for 211 
which the Life Cycle Cost (LCC) is minimal. The authors include the LCC as a decision criterion for 212 
the SPVWPS dimensioning process. Nevertheless, at least one solution is possible for each LLP’s 213 
desired value, meaning that it is necessary to define the LLP threshold depending on the particular 214 
application. Meah, Fletcher and Ula (Meah et al., 2008) mention criteria to consider when designing 215 
a SPVWPS: estimating the nominal power of the PV module, selecting which pump is to be used and 216 
that of the controller, if needed. Accurate information is required, particularly water consumption, 217 
available solar radiation and the type of water source. An oversize of 5% of the pump body and 20% 218 
of its motor rated power is recommended for sunny days, this regardless of geographical location. 219 
Sun-tracking systems, which increase the energy produced by the PV module, are sensitive to strong 220 
wind currents and require maintenance, so they are not recommended in that study. 221 

 222 
Setiawan et al. (Setiawan et al., 2014) present a clear example of the actual dimensioning process 223 

being used in isolated communities, this time aiming at the replacement of a diesel based pumping 224 
system in Indonesia. The pump choice is based on the pumping distances, the frictional losses and 225 
the water mean consumption; the PV modules model is imposed (there is not any selection criterion) 226 
and the quantity is calculated based on its nominal voltage compared to the pump’s nominal voltage 227 
(series quantity) and on the rated pump power (parallel quantity). The meteorological data is not 228 
included in the dimensioning process and only the rated efficiencies are considered, putting aside 229 
their variation over time and different operation conditions. An existing water reservoir is used but 230 
its volume is not considered as a variable for the SPVWPS. Finally, a performance analysis to 231 
determine whether the installation is well designed is not considered. 232 

 233 
In several studies, a financial analysis makes it possible to assess the SPVWPS project’s viability 234 

(Foster and Cota, 2014; Kolhe et al., 2002; Kumar and Kandpal, 2007; Lal et al., 2013). In most cases, 235 
the beneficiaries of this type of installation are located in remote rural communities, where financial 236 
resources are limited. Subsidy or donation needs can be estimated by calculating the Net Present 237 
Value (NPV). In a similar manner, a study of the system’s expected lifespan can be used to predict 238 
the amount of money required to maintain and operate the SPVWPS, and to define strategies to raise 239 
those amounts (Short and Oldach, 2003). 240 

 241 
2.2. Optimization  242 

The choice of components is indeed important for the system, but optimization criteria are just as 243 
crucial in determining the appropriate system for a given situation. Optimization criteria are often 244 
proposed to make use of the components as efficiently as possible and to obtain the best performance 245 
for a given condition. Several types of results can be obtained from optimization, such as the optimal 246 
PV panel angle, pump control algorithm, and PV panel control algorithm. 247 

 248 
Glasnovic and Margeta (Glasnovic and Margeta, 2007) used an objective function to minimize the 249 

SPVWPS size, taking into account the parameters involved in the process of dimensioning a 250 
SPVWPS for irrigation and their interactions. However, the authors neglect the above-mentioned 251 



10 
 

interactions between components and solely use the worst month for solar radiation in their design, 252 
thus enabling the possible incompatibility between demand and available energy, along with the 253 
inability to guarantee the correct functioning of the system for the months other than the critical 254 
month. In (Glasnovic and Margeta, 2007), the storage of water to ride out sunny periods is also 255 
neglected. Since neither the use of an external tank nor the inclusion of batteries is considered, it is 256 
the price of PV modules that largely defines the price of the installation for this particular case.  257 

 258 
The research of Campana et al. (Campana et al., 2015) proposes an economic optimization of a 259 

SPVWPS for tankless irrigation, to maximize crop revenues, while reducing the initial investment, 260 
which depends primarily on the price of the components. A dynamic model is evaluated for each hour 261 
and the results obtained are compared with experimental data. A genetic algorithm is used to find the 262 
size of the system for which the income is the highest. The main restriction of the method is the rate 263 
of replenishment of the water source in order to avoid overuse and over-sizing of the PV module. The 264 
model of PV module to be used is imposed and the energy incident on the surface of the modules is 265 
calculated according to the isotropic radiation model (Duffie et al., 1980). Thanks to the affinity laws, 266 
a function linking required power and output flow for a given dynamic head makes it possible to 267 
determine the power of the PV module including the nominal efficiency of the engine and the inverter. 268 
This study shows a reduction in the PV panel size of 33.3% and a 10% increase in the energy produced 269 
due to the change in its inclination (originally equal to latitude). The initial investment is reduced by 270 
18.8% due to the decrease in the number of PV modules. The capacity of replenishment of the water 271 
source is respected, therefore there is no over usage. 272 

 273 
Similarly to the research published by Bakelli, Hadj Arab and Azoui (Bakelli et al., 2011), the 274 

recent contribution by Olcan (Olcan, 2015) aims to establish an analytical model of multicriteria 275 
optimization for the design of SPPV, mainly taking into account the probability of source failure, and 276 
economic analysis based on life-cycle costs (LCC). The targeted SPVWPS consists mainly in PV 277 
modules, a storage tank and a pump-motor assembly. Only two modes of manual slope change are 278 
considered, either monthly or seasonally. The results for a particular installation show that the manual 279 
change of the position of the panel reduces the required number of PV modules, but increases the 280 
LCC (the cost of the change of position is considered). Hence, the fixed panel solution is retained. 281 

 282 
Nabil, Allam and Rashad (M. et al., 2013) studied an existing SPVWPS, in which a synchronous 283 

reluctance motor drives a centrifugal pump. The control strategy aims to maximize the amount of 284 
water pumped through the maximization of power allowing the engine to operate and pump water for 285 
a given pumping load. The system mainly involves a PV module, a DC-DC converter, a PWM (Pulse 286 
Width Modulation) AC-DC converter, and a motor and centrifugal pump assembly. With the 287 
proposed strategy, it is possible to reduce the solar radiation required to start the pump, which in turn 288 
increases the actual pumping time and the amount of water pumped. Similarly, the PV panel can 289 
operate at maximum power thanks to Maximum Power Point Tracking (MPPT), which controls the 290 
DC-DC converter and avoids an overshooting of the nominal voltage of the motor. 291 

 292 
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Govindarajan, Parthasarathy and Ganesan’s (Govindarajan et al., 2014) investigation is based on 293 
an existing SPVWPS with a permanent magnet DC motor driving a centrifugal pump. In 294 
(Govindarajan et al., 2014), the PV panel is controlled by an MPPT algorithm. However, since the 295 
dimensioning is based on the average radiation incident on the surface, it is possible to obtain a 296 
voltage higher than the nominal power of the pump, which is why a voltage control strategy is 297 
implemented in order to protect the pump. The simulation is carried out on Matlab® Simulink® and 298 
validated using an experimental set-up. 299 

 300 
The article of Betka and Attali, (Betka and Attali, 2010) also seeks to optimize the operation of a 301 

SPVWPS, the optimization criterion being the maximization of the quantity of water pumped per day 302 
with a control strategy for an induction motor resulting in a centrifugal pump. The use of an induction 303 
motor has several advantages, in particular its low cost, its minimal maintenance and the possibility 304 
of weathering. The proposed strategy reduces iron losses and losses on the motor’s core, increasing 305 
the engine’s efficiency and increasing the power available to the engine shaft. The result is an increase 306 
in pump output of 31.3%, as well as the possibility of starting the pump with 44.6% less sunshine 307 
than without the control strategy. In addition, it is possible to obtain the maximum power of the PV 308 
panel by implementing a MPPT algorithm.  309 

 310 
The algorithm developed by Sallem, Chaabene and Kamoun (Sallem et al., 2009) optimizes the 311 

distribution of energy produced by the PV panel of a pumping installation in order to increase the 312 
effective pumping time during a typical day for three climatic conditions: cold season, warm season 313 
and an intermediate season that could correspond to autumn or spring. The system consists of PV 314 
modules, a centrifugal pump driven with an induction motor and a battery pack. The diffuse algorithm 315 
makes it possible to make decisions regarding the energy flows, since it is possible to supply the 316 
pump with three distinct operation strategies: using only the batteries, using the batteries with the 317 
support of the PV panel and using only the PV panel. And similarly, it is possible to store the excess 318 
energy produced in the batteries. The applied model makes it possible to increase the pumping time 319 
by 97%, all with a discharge level of the batteries less than 50%, which increases their useful life.  320 

 321 
The article by Ghoneim (Ghoneim, 2006) evaluates the performance of a SPVWPS located in 322 

Kuwait using the Transient System Simulation Tool (TRNSYS®). The objective is to optimize 323 
system sizing, particularly optimizing the number of PV modules, their inclination and taking into 324 
account the characteristics of the pump assembly hydraulic motor (cc) circuit. The pump is modeled 325 
from the curves provided by the manufacturer, linking input power, flow rate and dynamic head. The 326 
PV modules are modeled with the five-equation model, which is suitable for amorphous, crystalline 327 
and polycrystalline silicon modules. Water consumption is assumed to be constant for a population 328 
of 300 people consuming 40 L / person / day. The study shows that for an imposed pump, the 329 
efficiency of the system varies with respect to the head, with a height value for which the efficiency 330 
is higher. Similarly, for the optimum dynamic head, it is possible to calculate the amount of money 331 
saved in comparison with a system equivalent to diesel, and the power of the PV module for which 332 
the amount saved is higher. 333 
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 334 
The diffuse optimization of the efficiency proposed by Benlarbi, Mokrani and Nait-Said (Benlarbi 335 

et al., 2004) takes into account three types of motors: DC with separate excitation, permanent magnet 336 
synchronous machine (PMSM) and induction machine, and seeks to maximize the speed of the 337 
motors to increase the pumping rate. The optimization algorithm acts on the ratio of a DC-DC 338 
converter allowing the adaptation of impedances between the load and the PV module. In (Benlarbi 339 
et al., 2004), the authors conclude that the optimized operating points of the DC and PMSM motors 340 
coincide with the operating points of the PV module where the output power is maximum (MPP). 341 
This behavior ensures maximum power extraction, while increasing the overall efficiency of the 342 
system. In addition, it is possible to start the pump earlier in the morning and to operate it during the 343 
last hours of the evening because the power supplied to the load is the highest. An increased 10% to 344 
16% of pumped water is obtained in the simulations with the proposed optimization. The performance 345 
of the PMSM is also higher than that of the DC motor and the induction motor, so its use is 346 
recommended. 347 

 348 
Zavala et al. (Zavala et al., 2020) proposed efficient new operation rules for standalone direct 349 

pumping PV irrigation systems in order to maximize the energy use efficiency as the available 350 
resource must be use readily. In the paper, the authors claim that an innovative analytical model was 351 
implemented in order to optimize the operation of a multisector PV irrigation system. 352 

 353 
Salilih and co-workers (Salilih et al., 2020b) proposed a method for the modelling, simulation and 354 

analysis of solar PV water pumping system under different pumping heads. Using their generated 355 
performance equation and the calculated hourly power output data, the hourly performance of the 356 
solar driven water pump system was estimated. The analysis and simulation results show that a lower 357 
pump head results in higher flow rate regardless of the variation in solar irradiation level. 358 

 359 

2.3. Economics 360 
Project viability studies are necessarily based on economic analysis, since they determine financial 361 

flows over a defined period of time. Several techniques can be used to evaluate the profitability of 362 
any photovoltaic energy project. 363 

 364 
The paper by Kolhe, Kolhe and Joshi (Kolhe et al., 2002) examines the viability of stand-alone 365 

PV systems using a comparison with diesel systems in India with Life Cycle Cost (LCC) analysis and 366 
a parametric study. For the initial investment of the PV system, the authors consider the prices of PV 367 
modules, DC-AC converters and batteries, with an amount per Wp (PV modules and converter) or 368 
per kWh (batteries). For operating and maintenance costs, a percentage of the initial investment is 369 
proposed. Asset maintenance is done only for batteries, based on the number of charge-discharge 370 
cycles and the recommended discharge depth. For the diesel system, its estimated lifespan is six years 371 
with a load of 25% in relation to the nominal load. Operation and maintenance costs include oil 372 
changes, filter elements and a generator upgrade with a defined periodicity. Inflation on fuel is also 373 
included. The parametric study shows that PV systems are more advantageous than diesel, especially 374 
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for loads below 30kWh/day with a discount rate of 20%. Similarly, with a diesel price of 0.15USD/L, 375 
the PV system is more profitable for loads less than 28kWh/day. In addition, when the available solar 376 
radiation is 4kWh/m2/day, the LCC of the PV system is lower for loads up to 53kWh/day. This case 377 
is quite similar to a PV’s cost of 2.25USD/Wc.  The author also shows that reliability has a significant 378 
impact on LCC for autonomous PV systems, since if the percentage of reliability is reduced, the LCC 379 
also decreases considerably. It should be noted that the stand-alone PV system is very competitive, 380 
because the maintenance and operation costs are quite low and the costs related to asset maintenance 381 
are lower than the costs of a diesel-based system. 382 

 383 
Lal, Kumar and Rajora (Lal et al., 2013) use the net present value (NPV) to evaluate an existing 384 

SPVWPS, taking into account initial investment, maintenance and savings in relationship to the use 385 
of a diesel or natural gas system with a nominal power of 5.88kW. The payback period, based on 386 
2013 figures, for the SPPV is 1.814, higher than that of the diesel system (1.354), but less than that 387 
of the natural gas system (3.787). The emission reduction of greenhouse gases is also estimated at 388 
14 977 kg/year. The savings generated by the SPVWPS is estimated at 1.948 USD/year for a diesel 389 
system that operates 1 447 hours per year (16.5 % of the time). Finally, subsidies to fossil fuels were 390 
found to have a negative impact on the implementation of SPVWPS. 391 

 392 
Similarly, in 2014, Foster and Cota (Foster and Cota, 2014) discussed the fact that the cost of PV 393 

modules has steadily decreased by 80 % from 2003 to 2013, while fossil fuel prices have risen by 394 
nearly 250 % over the same period. In 2014, the authors found a tremendous use of SPVWPS in a 395 
wider range of power output, up to 25 kWp. According to this article, typical applications for 396 
SPVWPS are human consumption, irrigation and livestock, all in rural areas. Initial investments are 397 
around 8 USD/Wp (pumping equipment included) and operating costs are approximately 398 
0.15 USD/kWh. The payback period is an estimated two to three years with a lifespan of around 25 399 
years for the PV modules. Figure 3 shows that the prices continue to decrease for PV technologies 400 
despite oil and gas prices being lower than a few years ago. The payback period for SPVWPS should 401 
then decrease even more. Since 2014, the capacity of installed PV panels grew from 135 GW in 2013, 402 
to 172 GW in 2014 and 219 GW in 2015 with an expected 591 GW in 2020 and 1591 GW ten years 403 
later (International Renewable Energy Agency (IRENA), 2016). 404 

 405 
The SPVWPS can also be considered as a technological option for the reduction of greenhouse 406 

gas (GHG) emissions, as proposed by Kumar and Kandpal in 2007 (Kumar and Kandpal, 2007), who 407 
implemented a methodology for evaluating the unit cost of reducing GHG emissions with a SPVWPS. 408 
A comparison is made between the NPV of the solar versus diesel systems taking into account the 409 
savings and another comparison involves a grid-connected coal-based plant and the PV solar system 410 
regarding GHG emissions. The results show that for a SPVWPS of 1.8k Wp of rated power, the 411 
mitigation cost is 169 USD/ton of CO2 avoided compared to the diesel system and 405 USD/ton of 412 
CO2 avoided compared to the system connected to the grid. These values indeed depend on the initial 413 
investment, the price of fuel, the useful life of the system and the discount rate. As PV module prices 414 
continue to decline, the cost of mitigation will also tend to decrease. 415 
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 416 
Economics for remote sites are studied by Meah, Fletcher and Ula (Meah et al., 2008). Among the 417 

challenges encountered at the facilities, the authors emphasize the use of resources that can be 418 
purchased from local suppliers, as this facilitates the maintenance and maintenance of assets. 419 
Similarly, training in maintenance and operation significantly increases the survival of the system, as 420 
it is not cost effective to pay local suppliers for this type of task. As for the economical aspect, the 421 
NPVs of three types of pumping systems are compared, namely a diesel system, a solar system and a 422 
system connected to the grid. The study shows that the NPV of the solar option is lower than those 423 
for the other systems, mainly due to the very low maintenance and operating costs and the relatively 424 
favorable lifespan of the PV modules. The financial flows of the grid-connected facility are very 425 
similar to the SPVWPS, but the initial investment is too high, because of the cost of extending the 426 
grid wires from the grid to the pumping site. 427 

 428 
Carrêlo et al. (Carrêlo et al., 2020) presented a comparative economic feasibility analysis of five 429 

large-power PV irrigation systems (PVIS) in the range from 40 to 360 kWp in the Mediterranean 430 
region. The results show that the investment in PVIS in the Mediterranean region is always profitable, 431 
for all of the PVIS configurations and the powers considered in the study despite frequent lacks of 432 
water that oblige the PVIS to stop. 433 

 434 
The last paper to be reviewed herein accounts for life cycle assessments (LCA). Todde et al.(Todde 435 

et al., 2018) evaluated the cumulative energy demand and the related environmental impact of three 436 
large-power stand-alone photovoltaic (PV) irrigation systems using a LCA methodology. The authors 437 
stress that the production of PV modules accounted for the main portion (about 80%) of the primary 438 
energy embodied into the whole PV irrigation system (PVIS).  The outcomes of the study also show 439 
that the energy return on investment depends on the PV generator dimension, ranging from 12.9 to 440 
4.8 and that energy payback time increased from 1.94, to 5.25 years and carbon payback time ranged 441 
from 4.62 to 9.38 years.  But the interesting result is that the study shows an inverse trend of the 442 
energy and carbon payback times respect to the PV power size. 443 
2.4. Summary 444 

The review of the various publications presented in this paper shows that photovoltaic pumping is 445 
an economically and technically well-suited solution for irrigation, livestock and human consumption 446 
in rural areas where a connection to the electricity grid is complicated, expensive and/or non-existent.  447 

 448 
With respect to sizing, in most papers the approach for determining the components to be used is 449 

not explicitly indicated, so these components are defined or fixed at the beginning of the paper without 450 
any particular selection procedure. Globally, the procedures mentioned in the literature for 451 
dimensioning a SPVWPS include calculating the size of the PV module itself for the critical month 452 
of the year, using the nominal efficiencies (PV panel and pump-motor assembly) and the peak of 453 
water consumption. 454 

 455 
Several optimization criteria are presented with several objective functions. Since the ultimate 456 

goal of a system is to supply water according to a given consumption, the load losses probability 457 
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methodology is the approach that allows the SPVWPS to be sized to meet the required consumption 458 
capacity. Other optimization criteria make it possible to establish that a pump driven by an induction 459 
machine or by a permanent magnet synchronous motor can operate at the maximum power point of 460 
the PV module in order to obtain the maximum power. In addition, several articles show that it is 461 
possible to connect the input electrical power to the pump-motor assembly by a single mathematical 462 
function. This function can be constructed from experimental data, mathematical models of the 463 
engine and pump or data supplied by the manufacturer. 464 

 465 
Lastly, the LCC and the NPV are useful for analyzing a solar PV pumping system from a financial 466 

point of view. In particular, the net present value makes it possible to establish the cost of operating, 467 
maintaining and replacing assets for the system in order to carry out the financial planning that will 468 
ensure the sustainability of the project. Aspects such as available load / energy compatibility and 469 
variation in component efficiency should be considered for more accurate results. 470 

 471 
These observations were the backdrop from which the methodology proposed in this paper was 472 

devised. It is presented in the next section. For more on the subject two thorough reviews could be 473 
mentioned to the interested reader. First, the paper by Li and co-workers (Li et al., 2017) and the 474 
paper by Sontake and Kalamar (Sontake and Kalamkar, 2016).  A more recent review work has also 475 
been reported by Shepovalov, Belenov and Chirkv (Shepovalov et al., 2020). 476 

 477 

3. METHODOLOGY 478 

The proposed methodology includes components selection (mainly pump, PV modules, controller 479 
and reservoir, structure is not considered in this paper), the optimal dimensioning of the SPVWPS, 480 
the behavior prediction for a typical meteorological year, the yearly distribution of the water shortage 481 
probability (WSP) and a basic financial analysis. Figure 4 presents a compact diagram of the overall 482 
functions of the program proposed herein with their successive connections. The choice of the 483 
appropriate pump and later those of the PV array and reservoir are discussed in more details in 484 
Figure 5 and Figure 8.  Optimization is carried-out to lower the cost of an acceptable solution, 485 
predictions are carried-out to verify that the system really meets the needs otf the community and a 486 
simple financial analysis provides the fare or cost of the system.   487 

 488 
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 489 
Figure 4 : Overall schematic of the proposed methodology 490 

 491 
A software tool with easy to use interfaces implements this methodology with the aim of allowing 492 

rural communities to benefit from this research. For instance, one of the first interfaces allows to enter 493 
the location either with latitude and longitude, city name and country code or preferably using a .epw 494 
file. Then, the pumping data are entered (horizontal distance to the source, vertical drop, river or 495 
well), the water consumption profile (either monthly or hourly), etc.  496 

The software tool was developed in Python® language, thus permitting its open distribution, as 497 
much for the software tool as for the source code.  498 

 499 

3.1. User Input Data 500 
Although basic information is provided to start the dimensioning process, several assumptions 501 

complete this information.  502 
 503 
In the first implementation of the methodology, the user is required to provide an Energy Plus 504 

Weather (.epw) meteorological data file. The data to be extracted is thus related to the direct and 505 
diffuse solar radiation over a horizontal surface and the ambient temperature. The data is then treated 506 
to account for the slope of the array. When there is no EPW file for a specific location, the program 507 
can allow to provide the latitude, longitude and the ISO 3166 country code and to use NASA Surface 508 
meteorology and Solar Energy – Global data sets. This alternative source provides information for 509 
every combination of latitude and longitude, which ensures data availability. As a third way to input 510 
relevant meteorological data, this data could be taken from the NREL Solar Radiation Research 511 
Laboratory, if need be (Andreas, 2019). This is why Figure 4 indicates 3 possible types of data. When 512 
required, the files for direct, diffuse radiation and ambient temperature were downloaded from the 513 
website, but the monthly values were converted into daily values (Duffie et al., 1980; Wenham, 2007). 514 
These daily values are used to obtain hourly values by use of the Collares-Pereira correlation (Duffie 515 
et al., 1980) described by equations (1) to (5).  516 

 517 
𝑎𝑎 = 0.409 + 0.5016 sin(𝜔𝜔𝑙𝑙−𝑐𝑐 − 60) (1) 

𝑏𝑏 = 0.6609 − 0.4767 sin(𝜔𝜔𝑙𝑙−𝑐𝑐 − 60) (2) 



17 
 

𝑅𝑅𝑡𝑡 =
𝜋𝜋

24
(𝑎𝑎 + 𝑏𝑏 cos𝜔𝜔)

cos𝜔𝜔 − cos𝜔𝜔𝑙𝑙−𝑐𝑐

sin𝜔𝜔𝑙𝑙−𝑐𝑐 −
𝜋𝜋𝜋𝜋𝑙𝑙−𝑐𝑐
180 cos𝜔𝜔𝑙𝑙−𝑐𝑐

 (3) 

𝑅𝑅𝑑𝑑 =
𝜋𝜋

24
cos𝜔𝜔 − cos𝜔𝜔𝑙𝑙−𝑐𝑐

sin𝜔𝜔𝑙𝑙−𝑐𝑐 −
𝜋𝜋𝜋𝜋𝑙𝑙−𝑐𝑐
180 cos𝜔𝜔𝑙𝑙−𝑐𝑐

 (4) 

𝑅𝑅𝑡𝑡 =
𝐼𝐼
𝐻𝐻

 𝑒𝑒𝑒𝑒 𝑅𝑅𝑑𝑑 =
𝐼𝐼𝑑𝑑
𝐻𝐻𝑑𝑑

  (5) 

 518 
The proposed method also verifies that the latitude and longitude values are between - 180° and 519 

+ 180° to avoid errors when searching the data inside the files. Regarding the first option (.epw file), 520 
the data are recorded hourly and no conversion is necessary. Finally, the method saves the data and 521 
shows a confirmation with the amount of available data as well as the latitude and longitude.  522 

 523 
When using data files, one has to consider their related margin of error according to guidelines 524 

and methodologies such as those of ASHRAE Guideline 14-2014, the International Performance 525 
Measurement and Verification Protocol (IPMVP) and the Federal Energy Management Program 526 
(FEMP).  Moreover, one should be aware that a typical meteorological year (TMY) may not be (in 527 
fact, is almost never) representative of a given year.  528 

 529 
Then, the choice of an appropriate pump begins (Figure 5). The pumping distances (horizontal 530 

and vertical) are indicated by the user and the type of water source is selected (river or well, (Karassik 531 
and Karassik, 2008)). A water consumption profile must be provided. This can be done in two 532 
different ways, either through a text file indicating hourly consumption in liters for one year, or with 533 
the monthly total consumption values in combination with one of the proposed consumption profiles. 534 
When monthly values are available, the proposed tool links the consumption with temperature to 535 
provide daily consumptions (Wenham, 2007) using equation (6): 536 

 537 

𝑄𝑄𝑑𝑑𝑑𝑑𝑑𝑑(𝑖𝑖, 𝑗𝑗) =  𝑄𝑄𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚ℎ(𝑗𝑗)�
𝑇𝑇𝑑𝑑𝑑𝑑𝑑𝑑(𝚤𝚤, 𝚥𝚥)������������

∑ 𝑇𝑇𝑑𝑑𝑑𝑑𝑑𝑑(𝚤𝚤, 𝚥𝚥)������������𝑖𝑖
�  𝑤𝑤ℎ𝑒𝑒𝑒𝑒𝑒𝑒 � �

𝑇𝑇𝑑𝑑𝑑𝑑𝑑𝑑(𝚤𝚤, 𝚥𝚥)������������

∑ 𝑇𝑇𝑑𝑑𝑑𝑑𝑑𝑑(𝚤𝚤, 𝚥𝚥)������������𝑖𝑖
� = 1

𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚(𝑗𝑗)

𝑖𝑖=1

 (6) 

 538 
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 539 
Figure 5 : Dimensioning process diagram (pump selection). 540 

 541 
Then, two acknowledged models (Brière, 2012) are implemented to provide hourly consumption 542 

profiles. Hourly consumption values throughout the year recorded as 8 760 entries in a text file is 543 
needed for the final validation analysis. Figure 6 proposes two typical daily consumption profiles.  544 

 545 

 546 
Figure 6 : Two typical hourly water consumption profiles 547 

 548 
With input data the code computes the pressure drop and provides system curves and design flow 549 

rates for the required pump.  When these parameters fall in the design zone, each possible pump from 550 
the database is considered and that with highest efficiency is selected.  If not, new operation 551 
parameters are implemented a manual flow rate is prescribed and the test is carried out to meet the 552 
desired requirement.  553 
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For the rest of the calculations, since the system does not consider the use of batteries, another 554 
correction must be applied to the data. The tool calculates the sunrise and sunset times for each day 555 
to identify the consumption that takes place at night; this consumption is then added to the 556 
consumption during the sunny hours in order to create a consumption profile which ensures that 557 
during the day, enough water will be pumped to meet nigh needs. 558 

 559 
Finally, the albedo, ρ, or soil reflectivity, must be provided as the last input data. A pop-up table 560 

proposes typical albedo values (Holman, 2010) depending on the type of soil.  561 

3.2. Optimal sizing 562 
Since the characteristics of the pump do not change with the PV generator size, nor with the 563 

reservoir size, the first dimensioning step is in choosing the pump-motor assembly. From the pumping 564 
distances and the water consumption data, it is possible to plot the Flow vs. Total Head characteristic 565 
curves of the system. Then, based on the information from the provider that is stored, calculations are 566 
made in order to characterize the pump. First, the data is used to create functions that describe the 567 
behavior of the pump. Next, the points of maximum efficiency are identified to finally establish the 568 
theoretical zone of operation of the pump on the plane Flow vs. Total Dynamic Head. 569 

 570 
These curves consider the pressure losses inside the pipes due to friction, as well as the losses in 571 

the accessories and valves. As those losses vary as a function of the inner diameter of the pipes, 572 
several curves are calculated and plotted depending on the possible output diameters of the available 573 
pumps. Equation (7) is used to calculate the total head (Karassik and Karassik, 2008). 574 
 575 

𝑯𝑯𝑻𝑻(𝒎𝒎) =  𝑯𝑯𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔 + 𝑯𝑯𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄 + 𝑯𝑯𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔 + 𝑯𝑯𝒗𝒗𝒗𝒗𝒗𝒗𝒗𝒗𝒗𝒗𝒗𝒗 (7) 

 576 
The software tool involves a database containing some 50 pump-motor assemblies with available 577 

submersible surface and centrifuge models. The choice of pump type depends on the type of water 578 
source type indicated by the user. For the centrifugal pumps, the optimal operation zone is between 579 
85 % et 105 % of the flow rate, where the efficiency is at a maximum (American Society of Heating 580 
and Air-Conditioning Engineers, 2016); therefore, this area can be located for each pump in the 581 
database. The software tool compares the system curves for total dynamic head, in m, with respect to 582 
the volumetric flow rate, in liters per minute, with the possible operating areas of the available pumps 583 
in the database and chooses the pump with maximum efficiency in this area. This is depicted in 584 
Figure 7.  In this case, the pump with overall 54.8 efficiency would be selected 585 

 586 
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 587 
Figure 7 : System Total Dynamic Head [m] vs Volumetric flow rate [LPM] curves  588 

and possible pump choices area  589 
 590 

From the technical datasheets and the intersection points between the system curve and the pump 591 
operating curves, it is possible to determine a function linking the power input to the motor and the 592 
output flow rate produced by the pump. This function is then used to calculate the number of PV 593 
modules in parallel (Mp) required; the number of PV modules in series (Ms) required is defined by 594 
the nominal voltage of the pump and the panel (Gasque et al., 2020).  595 

 596 
Several solutions are possible for a particular system, nevertheless, the proposed methodology 597 

must seek the optimal one. From the equation linking power input to the motor and output flow rate, 598 
the rated power must be found for which the pumping rate can effectively deal with the water 599 
requirements. A variable size water reservoir, is included in the system; the software tool looks for 600 
all possible solutions while varying the reservoir size to match the water demand, the type and model 601 
of PV module, the tilt angle β; in order to finally determine the optimal solution. 602 

 603 
3.3. Mathematical model 604 

As this part of the mathematical model implemented herein does not show particular novelties, it 605 
is presented in Appendix 1 for the reader who want to reproduce the predictions carried out in this 606 
paper. For PV module modeling, a classic one diode, 5 parameters model (Duffie et al., 1980) is used.  607 

The method is based on the isotropic model (Kalogirou, 2014) to calculate the incident energy on 608 
surfaces. One could argue that an anisotropic model could improve the global model but first the 609 
objective here is not to test or discuss models, and one may always find studies into which an isotropic 610 
model (that of Badescu for instance) was preferred for estimation of solar radiation incident on tilted 611 
surface with smallest statistical errors among the 6 models investigated (among them that of Hays 612 
and Davis) and produced close agreement with measured data (Shukla et al., 2015). Hourly values 613 
are stored in a linear vector involving 8760 positions. 614 
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It is then possible to use the parameters of the PV modules to calculate the maximum output power 615 
available for each type of PV module in the database. The number of PV modules to be used in series 616 
is defined before starting any power calculations, which involves dividing the nominal voltage of the 617 
selected pump by the nominal voltage of the PV modules (Vmp). The process of calculating output 618 
power is iterative and based on the model with a single diode. 619 
 620 

An estimate of a module’s efficiency for a given surrounding temperature and incident radiation 621 
(IT) enables the calculation of the cell temperature (Tc) (Appendix 1). With Tc, it is then possible to 622 
compute the parameters that are surface temperature dependent. Hence, the model accounts for 623 
modules temperature variations (Duffie et al., 1980).  624 

 625 

3.4. Main assumptions. 626 
The main assumptions accepted in the optimal dimensioning process are: 627 
 628 

- The maximum number of PV panels is limited to 50; 629 
- The maximum reservoir size, WVmax, can be defined by the user (in this particular study, it is 630 

limited to 48 m3); 631 
- The SPVWPS is not equipped with a solar-tracking device; 632 
- The SPVWPS is not equipped with batteries; 633 
- The water source replenishment rate is higher than the pumping rate at any time. 634 
 635 

3.5. Main contribution 636 
The criterion that establishes whether or not a particular configuration is a valid solution is the 637 

Water Shortage Probability (WSP), which is introduced along with the user-defined water 638 
consumption profile. The WSP should be lower than a pre-defined set point (in this particular study 639 
the set point is 1 % although in practice it would have to be discussed with the community where the 640 
system is implemented), which can be varied by the user. A 1% threshold means that there could be 641 
a water shortage in the community about 3,5 days yearly. This threshold has to be determined with 642 
the community according to their needs and alternatives for water (rain, for instance, or a few days 643 
of traditional seek-and-carry). It is set with respect to their financial situation, application (domestic 644 
and/or irrigation) and acceptability of a temporary modification of their consumption for a specific 645 
period of the year.  The WSP could be thought of as an LLP or lost of load probability mostly used 646 
in power systems. The WSP denomination is thus a special case of LLP. 647 

 648 
This WSP is calculated using equation (8).  649 
 650 

𝑾𝑾𝑾𝑾𝑾𝑾(%) =  
𝒏𝒏𝒏𝒏𝟎𝟎

𝒏𝒏𝒏𝒏𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕
× 𝟏𝟏𝟏𝟏𝟏𝟏 (8) 

 651 
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It is then defined as the ratio of nH0, the number of hours for which the reservoir could be empty 652 
over a defined period to nHtotal the total hours of the period: this period is conveniently as 365 days 653 
or 8,760 hours according to the required precision and to validate the selection of a specific design. 654 
The WSP is defined as probability as there is no certainty that the reservoir will indeed be empty as 655 
the input file for solar radiation is an average over several years for the location. The lower the WSP, 656 
the bigger the size of the system and the higher the capital expenditure (CAPEX). This is found to be 657 
the critical parameter to be set by the user. And it is one of the key concepts introduced herein to 658 
propose an appropriate design to the community it should serve.  Indeed, the higher the tolerable 659 
WSP, the cheaper the system. One has to understand that a slight modification to the profiles 660 
illustrated in Figure 6 can lead to the major impact on the WSP.  This is the reason why provision is 661 
made in the model to modify the consumption profile to allow the community to lower the cost of 662 
their installation in critical periods on the year.   663 

 664 
At the beginning of the calculations, the number of PV panels in parallel is set to one, the initial 665 

reservoir size is set to WVmin =∆WV (in this particular study, it is set to 3 m3) and the tilt angle β is 666 
set to 0°. The software tool calculates the incident radiation on the tilted plane using the isotropic sky 667 
model (Kalogirou, 2014). As for the pumps, the software tool has a solar PV-panel database; the one 668 
diode five parameters model is used to calculate the electrical energy produced per PV module model 669 
from the calculated incident radiation and ambient temperature. A 20 % loss is considered, to account 670 
for dust and controller related losses (Duffie et al., 1980). 671 

 672 
After this, a test is performed to emulate the system behavior for one year. With the available 673 

electric power, it is possible to calculate the theoretical pumping rate. Iterative calculations are then 674 
carried out for the 24 hours of each day. The daily amount of water in the reservoir is defined 675 
according to equation (9). 676 

 677 
𝑾𝑾𝑾𝑾𝒊𝒊 =  𝑾𝑾𝑾𝑾𝒊𝒊−𝟏𝟏 + 𝑸𝑸𝑸𝑸𝒊𝒊 − 𝑸𝑸𝑸𝑸𝒊𝒊; 

𝟎𝟎 ≤ 𝑾𝑾𝑾𝑾 ≤ 𝑾𝑾𝑾𝑾𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕 
(9) 

 678 
Where i represents the actual period of time and Q the consumed, Qc, and pumped, Qp, flow rates 679 

in liters per period of time. If the WSP is above the prescribed limit, then the number of PV panels in 680 
parallel Mp is increased by one and the process starts over again. The same process occurs for every 681 
panel model listed in the database, for each tilt angle value and for each possible reservoir size. The 682 
first series of simulations is carried out on a daily basis to sweep the year in 365 steps.  Then, the final 683 
analysis is calculated on an hourly basis to confirm the results. Figure 8 schematically depicts this 684 
dimensioning process. Before the optimization process begins (Figure 4) all possible combinations 685 
of array, tilt angle and reservoir are saved as potential solutions to fulfill the needs of the community. 686 

 687 
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 688 
Figure 8: Dimensioning process diagram (PV modules and reservoir selection) 689 

 690 

3.6. Financial analysis 691 
The financial analysis aims at determining the Net Present Value (NPV) of the project. It is also 692 

used to plan the rate at which water should be sold to ensure the viability of the project over its 693 
lifespan. Once the software tool has determined every possible technical solution, the cost is first 694 
calculated for each one of them; particularly the variable part of the initial investment is determined 695 
by the price of the PV panels and the reservoir, including transportation and installation as well as a 696 
5% provision for fittings, cables, pipes and structural elements. Variable costs including maintenance 697 
and operations as well as those related to assets replacement are also accounted for.  698 

 699 
Since all of these solutions have a WSP below the established threshold, the one solution 700 

associated with a minimal variable part of the initial investment is indeed the optimal solution for this 701 
particular application. It is also possible to obtain several solutions with the same variable costs; in 702 
this case the solution with a minimal WSP value is selected. In order to ensure the project’s 703 
subsistence, two water pumping service tariffs (in USD/m3) are proposed: one that assumes that the 704 
initial investment is paid by a fixed rate loan and the other that assumes that this investment is entirely 705 
paid at the beginning of the project, i.e. there is no initial debt.   706 

3.7. Result files 707 
The software tool produces three files containing the dimensioning process results as follows:  708 
 709 

• A text file that compiles the information about the complete SPVWPS proposed solution, 710 
the reservoir behavior, the pumping potential as well as the financial analysis results. 711 
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• A polar graph showing the WSP distribution during the year. It visually indicates the 712 
moments when a water shortage may occur, as shown in Figure 9. In this example, 713 
shortages are most probable in December, month during which the community should 714 
manage the water carefully according to the selected WSP, there should not be ANY WSP 715 
between mid-January and the end of October;  716 

 717 
Figure 9 : Water Shortage Probability (WSP) 718 

 719 
• A Sankey diagram (starting with the total electricity production by the modules) showing 720 

the energy flux per year, including losses across the system (pump-motor, controller) and 721 
energy excesses, is show in Figure 10. 722 

 723 



25 
 

 724 
Figure 10 : Sankey Diagram with electric power 725 

 produced by the PV modules as the input (example) 726 
 727 
Figure 10 explicitly shows that less than 10 % (387.51 kWh/4249.29 kWh) of the total power 728 
produced by the modules is effectively used to fulfill the water needs, the rest are losses to the 729 
controller excess pumping and excess power that cannot be used to pump water due to an insufficient 730 
voltage to start the pump. The losses to the controller cannot completely be avoided. However, in this 731 
example 63% of the total energy produced by the PV modules is lost to the controller and pump. 732 
These losses could be minimised by using high-efficiency controllers, well-conceived motor-pump 733 
assemblies, as well as by regular pump maintenance. The losses to the pumps are intrinsically linked 734 
to the efficiency of the pumping process averaged over a year.  The excess produced energy is the 735 
amount of energy that cannot be used to pump water due to an insufficient voltage to start the pump. 736 
This excess could be recovered for other use but a storage device would be required. Similarly, the 737 
system could pump water in several situations for which the reservoirs are completely filled. When 738 
this occurs, the electrical energy could also be stored for other use. Combining both Excess water 739 
pumping (720.94 kWh) and Excess produced energy (462.92 kWh), a total amount of 1183.86 kWh 740 
could be recovered that is about 28 % of the whole production. Applications such as lighting or 741 
charging small devices (cell phones or tablets) are well-suited for isolated communities.  742 

4. RESULTS 743 
The proposed methodology and software tool have been tested by means of a comparison of 744 

predicted systems against results found in other articles dealing with the dimensioning of SPVWPS. 745 
Two specific cases are presented here to highlight the interest of the proposed tool. The capital 746 
expenditure won’t be compared, as the dates and sites of the proposed cases aren’t similar, and 747 
materials and installation costs are highly variable with respect to time and location. Nevertheless, 748 
financial potential advantages will be discussed. 749 
 750 



26 
 

4.1. Antalya, Turkey 751 
Olcan (Olcan, 2015) based his work on a solar PV pumping installation without batteries located 752 

in Turkey. He proposes a multi-criteria optimization to dimension the entire system. The same input 753 
data were used in the software tool for comparisons. In Olcan’s study, several parameters were not 754 
specified. A water consumption profile had to be created (but a constant consumption is supposed to 755 
occur between 6:00 and 18:00). The albedo was assumed to be 0.22 corresponding to a typical 756 
vegetable farm field and a horizontal distance of 200 m was used. The comparative results for a fixed 757 
optimal orientation are listed in Table 1. 758 

 759 
Table 1 Predictions of the required PV pumping system:  760 

A first comparison for Antalya, Turkey  761 
Results Comparison 

Component Original solution [8] Proposed Software Tool 
Pump-motor PS Lorentz centrifugal 

PS1200 C-SJ5-8 
Sun Pumps submersible 

SCS 10-210-120Y 
PV panel Astronergy CHSM6610P KU270-6MCA 
Pnom PV Panels 5 500 W 3 240W 
Tilt angle (°) 33 11 
WVtotal(L) 13 000 6 000 
WSP 2.650% 0.970% 

 762 
Table 1 shows that the required rated power, Pnom, of the PV panels is 41 % lower with the 763 

proposed predictions than those of the original system. The size of the reservoir, WVtotal, is found to 764 
be reduced by more than 50 %. These results should ultimately lead to substantial money savings for 765 
the same performance. Moreover, in Olcan’s article all components are imposed, while the proposed 766 
software tool makes it possible to select them from a comprehensive and updatable database. There 767 
is also a preponderant difference in the optimal tilt angle, because Olcan calculates it in order to 768 
maximize the energy production during the year, while the proposed software tool looks for the best 769 
possible match between the load and the available energy. Finally, the water shortage probability 770 
(WSP) predicted by the present tool is lower than that presented in the original article. This also 771 
means that the reliability of the proposed system is slightly improved. 772 

 773 

4.2. Wulanchabu, China 774 
The article published by Campana et al. (Campana et al., 2015) deals with the economic 775 

optimization via genetic algotrithm of a SPVWPS used in farmland irrigation in the Wulanchabu 776 
desert grassland area, Inner Mongolia, China, which latitude, longitude and altitude of the site are 777 
41.32°N, 111.22°E and 1590 m above the mean sea level. A financial analysis is proposed accounting 778 
for the sales revenues generated from the agricultural products. In this particular case, the water 779 
consumption is calculated monthly, thus the moment of the day (or even during the week) at which 780 

https://www.energymatters.com.au/images/lorentz/lorentz%20PS1200%20Brochure.pdf
https://www.solar-electric.com/lib/wind-sun/SCS_10-210-120Y_BL_Curve.pdf
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the water is consumed was not previously considered, while the proposed software tool could consider 781 
the hourly water consumption over the entire year. 782 

 783 
Table 2 Predictions of the required PV pumping system:  784 

A second comparison for Wulanchabu, China 785 
Results Comparison 

Component Original Solution [9] Software Tool 
Pump-motor 1.1 kW submersible 559.5 W submersible 
PV panel 160 Wp not specified KU270-6MCA 
Pnom PV Panels 1080 W 540 W 
Tilt angle (°) 10 0 
WVtotal (L) 0 3 000 
WSP 0,000 % 0,000 % 

 786 
Campana et al. (Campana et al., 2015) do not consider the use of a water reservoir, which can help 787 

operate the system during cloudy days. Table 2 presents the results for this comparison. The 788 
calculated rated power requirement for the PV system, Pnom, predicted with the proposed tool is about 789 
half of that presented by the authors. The pump-motor rated power prediction is also reduced by about 790 
50 %, meaning that this component was likely to be overrated. Using a 3 m3 water reservoir (the 791 
smallest considered by the software tool) allows for an important reduction regarding the PV 792 
modules’ and pump rated power, thus reducing the initial investment (components, installation and 793 
transportation) of the project. 794 

 795 
4.3. Concluding remarks 796 

One must note that the aforementioned examples where not selected to thoroughly benchmark the 797 
proposed tool as this would have been strictly impossible due to the lack of complete and required 798 
information in the reviewed papers. In fact, no papers were found to propose enough data and details 799 
to achieve a complete validation of the proposed methodology and software tool. The two examples 800 
were indeed selected to show that the proposed tool can lead to a substantial decrease in system size 801 
and provide a similar or better reliability (lower WSP). In fact, in the two proposed comparisons, it 802 
is clear that fewer PV modules and smaller reservoirs may produce the desired performance. In other 803 
words, a 40-50 % reduction in the PV panel rated power would lead to a somewhat similar capital 804 
expenditure reduction, as well as a reduction in the operation and maintenance costs. Similarly, a 805 
smaller reservoir is easier to install and to maintain. 806 

 807 

5. DISCUSSION 808 
Further analysis of the validation process provides more insights regarding the dimensioning 809 

process executed by the software tool. It is acknowledged herein that the optimal solution obtained is 810 
a function of the available elements within the databases, particularly of their technical characteristics 811 
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and their price; nevertheless, some tendencies were observed.  Only three issues are discussed in the 812 
last section before conclusion 813 

 814 
First, the tilt angle for the solar PV panels is often defined in a way that the solar radiation over 815 

the surface of the PV panels is maximized, so the annual electric energy production is maximized 816 
(β=ϕ), but the match load vs available resources is neglected. Particularly, in the first comparison 817 
(Antalya), it is possible to see that the latitude is close to 36°, but the optimal tilt angle is not 33° 818 
(which produces a maximum of yearly electrical output) but finally 11° as shown in Figure 11.  This 819 
figure shows that to lower the WSP slightly below 1 %, the tilt angle should be comprised between 820 
8° and 14°. 821 

 822 

 823 
Figure 11: WSP vs. β for a site located at a latitude close to 36° 824 

 825 
Second, the optimization algorithms dealing with dimensioning are intended to minimize the PV 826 

generator size, in other words, to reduce the number of PV panels. This concept neglects the 827 
importance of the water reservoir, because it assumes that the PV panels are the most influent factor 828 
in the initial investment. As the PV module price continues to fall, this assumption is no longer valid. 829 
Figure 12 shows the variable part of the initial investment (for the first validation, Antalya) vs. the 830 
water reservoir size. Although it is clear that a bigger reservoir reduces the number of required PV 831 
modules, the initial overall investment increases considerably with reservoir size.  832 

 833 
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 834 
Figure 12: Variable part of the initial investment (USD) vs. reservoir size (m3) 835 

 836 
Third, the fact that the PV generator size is minimized does not guarantee that its cost is minimized. 837 

For most of the dimensioning methodologies, the PV panels are imposed a priori, this aspect is often 838 
neglected, but the relationship between panel rated power and price influences the choice process. 839 
Figure 13 shows that for theses cases (Antalya and Wulanchabu), a SPVWPS operating with panel 840 
model SW-285 (fourth from the left) presents a minimal rated power (blue line), however panel model 841 
KU-270 (first on left) is the cheapest (red line) for this particular application. Moreover, the individual 842 
rated power of the panel is also important, as a smaller panel allows the software to better approach 843 
the optimal rated power for a particular application.  844 

 845 

 846 
Figure 13: Variable part of initial investment and rated power for different panel models 847 

 848 

6. CONCLUSION 849 
About 10 % of the world’s population still does not have access to an improved water source.  850 

Hence, the goal of this project was to design a free, simple and yet accurate prefeasibility design tool 851 
to enable solar photovoltaic water pumping in small remote off-grid communities.  852 

The software enables users with little knowledge about solar photovoltaic water pumping systems 853 
to obtain a prefeasibility study of the project, indicating the quantity and model of PV modules to be 854 
used, the pumping equipment required, and the size of the tank. 855 
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The proposed methodology integrated into the software tool is able to determine the optimal 856 
solution for a solar PV water pumping system (SPVWPS). The output data and files provided by the 857 
software provide the user with a financial and energy analysis according to a predefined tolerance to 858 
water shortage defined herein as the water shortage probability (WSP).  The tolerance to and choice 859 
of an appropriate WSP is found to influence the project more than any other parameter.  A 860 
modification of a few percentage points may double the size of the required PV array or that of the 861 
reservoir.  Hence, the user is able to perform parametric analyses.  The hourly consumption profile 862 
can be manually edited for critical days – or even hours – of the year in attempts to lower the WSP 863 
below a tolerable threshold. 864 

7. RECOMMENDATIONS AND FUTURE WORK 865 
At the time of this publication, the interface is only available in French and is currently being 866 

tested with a community in Burkina Faso (called Laongo-Yanga) located about 30 km from 867 
Ouagadougou. This community participated in meetings to establish their need and understand what 868 
the pumping system does and why they might run out of water or pay too much for the system that 869 
would be oversized, thus establishing their tolerance for water scarcity (WSP ). 870 

Several improvements are considered, as possible extensions of this work and some are already 871 
under investigation in the work of another researcher of the group which employs already existing 872 
packages for photovoltaic and fluid mechanics modeling, namely “pvlib-python” and “fluids”:.  873 

• Further study of demand variability, this is a preponderant goal to match the WSP with the 874 
community budget; 875 

• Addition of a non-potable water reservoir for irrigation applications with a spillway; 876 
• Investigation of adjoining supercapacitors to assist the starting pump therefore to reduce 877 

the wasted energy; 878 
• Study of the variability of the water level in the water table; 879 
• Addition of precipitations to the main reservoir on cloudy days; 880 
• Different models for OPEX; 881 
• Quotes for the actual costs of the components; 882 
• Standardization of components, in particular the tank which is likely to become that most 883 

expensive item as there is no battery in the standard system; 884 
• "Lego" design of structural elements to lower production costs; 885 
• Voltage maximization to reduce wiring losses; 886 
• Addition of permanent magnet pumps; 887 
• Addition of AC pumps; 888 
• Adding a battery in larger facilities to store and smoothen the current fluctuations;  889 
• Simulations with commercial software for comparisons (PV syst, for instance); 890 
• Coupling / validation with the two small benches now under construction (despite COVID) 891 

in our lab. 892 
• Coupling / validation with a full-size pumping station currently under design for Burkina 893 

Faso. 894 
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• Enabling manual solar tracking to improve load-available resource match;  895 
• Enabling the user to change more parameters, such as the number of valves and accessories 896 

considered to calculate the frictional losses.  897 

It is expected that the current drastic fall in PV prices will make the reservoir the critical 898 
component of the systems in the near future. 899 

 900 
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APPENDIX 1: Global mathematical model. 1100 
For PV module modeling, a classic one diode, 5 parameters model (Duffie et al., 1980) is used, 1101 

because it considers the efficiency variation caused by the cells temperature and it is highly reliable 1102 
while modeling several PV modules models. Equations (10) general equation, (11) short circuit 1103 
equation, (12) open circuit equation, (13) maximum power equation and (14) maximum power 1104 
derivative, are the PV module’s governing equations and are used to calculate the output power. 1105 

 1106 
  1107 

𝐼𝐼 =  𝐼𝐼𝐿𝐿 − 𝐼𝐼0 �𝑒𝑒
�𝑉𝑉+𝐼𝐼𝑅𝑅𝑠𝑠 𝑎𝑎� � − 1� −

𝑉𝑉 + 𝐼𝐼𝑅𝑅𝑠𝑠
𝑅𝑅𝑠𝑠ℎ

 (10) 

 

𝐼𝐼𝑠𝑠𝑠𝑠 =  𝐼𝐼𝐿𝐿 − 𝐼𝐼0 �𝑒𝑒
�𝐼𝐼𝑠𝑠𝑠𝑠𝑅𝑅𝑠𝑠 𝑎𝑎� � − 1� −

𝐼𝐼𝑠𝑠𝑠𝑠𝑅𝑅𝑠𝑠
𝑅𝑅𝑠𝑠ℎ

 (11) 

 

0 =  𝐼𝐼𝐿𝐿 − 𝐼𝐼0 �𝑒𝑒
�𝑉𝑉𝑜𝑜𝑜𝑜 𝑎𝑎� � − 1� −

𝑉𝑉𝑜𝑜𝑜𝑜
𝑅𝑅𝑠𝑠ℎ
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To account for temperature variation (Duffie et al., 1980) on the efficiency, the following set of 
standard equations (15) to (17) is used: 

 

𝜇𝜇𝑉𝑉𝑉𝑉𝑉𝑉 =
𝑉𝑉𝑜𝑜𝑜𝑜(𝑇𝑇) − 𝑉𝑉𝑜𝑜𝑜𝑜�𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟�

𝑇𝑇 − 𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟
 (15) 

𝑎𝑎
𝑎𝑎𝑟𝑟𝑟𝑟𝑟𝑟
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𝑇𝑇
𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟

 (16) 

𝐼𝐼𝑜𝑜(𝑇𝑇) = 𝐼𝐼𝑜𝑜�𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟��
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𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟
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(17) 

 
Which influence the former five equations. 

 

  

Here Eg is the gap energy (1.794 e-19 J for silicium), k is the Boltzmann constant (1.381 e-23) and 1108 
C is set to 0.0002677 for silicium. Initial values for the system of equations are: 1109 
 1110 

• Rsh = 100 Ω; 1111 
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• IL = Isc; 1112 

• 𝑎𝑎 =  1.5 𝑘𝑘𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟𝑁𝑁𝑁𝑁
𝑞𝑞

; where 𝑁𝑁𝑁𝑁 = # of modules in series and 𝑞𝑞 = 1.602 ∗ 10−19 𝐽𝐽/𝑉𝑉; 1113 

• Io is obtained by (12); 1114 

• Rs can be estimated with (10) by using the initial values and dismissing the value of Rsh. 1115 
 1116 
The method is based on the isotropic model (Kalogirou, 2014) to calculate the incident energy on 1117 

surfaces. Hourly values are stored in a linear vector involving 8760 positions. Equations (18) to (21) 1118 
and the calculation procedure are: 1119 
 1120 

𝛿𝛿 = 23.45 sin �360
284 + 𝑛𝑛

365
� (18) 

𝜔𝜔𝑙𝑙−𝑐𝑐 =  cos−1(− tan𝜑𝜑 tan 𝛿𝛿) (19) 

𝜃𝜃 =  cos−1(sin𝛿𝛿 sin𝜑𝜑 cos𝛽𝛽 − sin 𝛿𝛿 cos𝜑𝜑 sin𝛽𝛽 cos 𝛾𝛾
+ cos 𝛿𝛿 cos𝜑𝜑 cos𝛽𝛽 cos𝜔𝜔 + cos 𝛿𝛿 sin𝜑𝜑 sin𝛽𝛽 cos𝜔𝜔 cos 𝛾𝛾
+ cos 𝛿𝛿 sin 𝛾𝛾 sin𝛽𝛽 sin𝜔𝜔) 

(20) 

𝜃𝜃𝑧𝑧 =  cos−1(cos𝜑𝜑 cos 𝛿𝛿 cos𝜔𝜔 + sin𝜑𝜑 sin 𝛿𝛿) (21) 

 1121 
The calculation of coefficient Rb which accounts for direct radiation depends on ω with respect 1122 

to ωl-c. Since ω is an hourly angle, it can be converted into hours and minutes. ω.h is the integer value 1123 
in hours that corresponds to this angle. 1124 
 1125 

• If ω.h = -ωl-c, two values are defined ω1 = -ωl-c and ω2 = ω1.h + 1. 1126 

• If ω.h = ωl-c, two values are defined ω1 = ωl-c and ω2 = ω1.h. 1127 

 1128 
For both cases, the value of Rb is given by equations (22) and (23):  1129 
 1130 

𝑅𝑅𝑏𝑏 =  

(sin 𝛿𝛿 sin𝜑𝜑 cos𝛽𝛽 − sin 𝛿𝛿 cos𝜑𝜑 sin𝛽𝛽 cos 𝛾𝛾)(𝜔𝜔2 − 𝜔𝜔1) +
(cos𝛿𝛿 cos𝜑𝜑 cos𝛽𝛽 + cos𝛿𝛿 sin𝜑𝜑 sin𝛽𝛽 cos 𝛾𝛾 (sin𝜔𝜔2 − sin𝜔𝜔1)

− cos 𝛿𝛿 sin 𝛾𝛾 sin𝛽𝛽(cos𝜔𝜔2 − cos𝜔𝜔1))
cos𝜑𝜑 cos 𝛿𝛿 (sin𝜔𝜔2 − sin𝜔𝜔1) + sin𝜑𝜑 sin 𝛿𝛿(𝜔𝜔2 − 𝜔𝜔1)

 
(22) 

 1131 
While for other cases: 1132 

𝑅𝑅𝑏𝑏 =  
cos𝜃𝜃
cos 𝜃𝜃𝑧𝑧

 (23) 

 1133 
Finally, the isotropic model is defined by equation (24) and yields: 1134 
 1135 

𝐼𝐼𝑇𝑇 =  𝐼𝐼𝑏𝑏𝑅𝑅𝑏𝑏 + 𝐼𝐼𝑑𝑑 �
1 + cos𝛽𝛽

2
� + 𝐼𝐼𝐼𝐼 �

1 − cos𝛽𝛽
2

� (24) 

 1136 
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It is then possible to use the parameters of the PV modules to calculate the maximum output power 1137 
available for each type of PV module in the database. The number of PV modules to be used in series 1138 
is defined before starting any power calculations, which involves dividing the nominal voltage of the 1139 
selected pump by the nominal voltage of the PV modules (Vmp). The process of calculating output 1140 
power is iterative and based on the model with a single diode. 1141 
 1142 

An estimate of a module’s efficiency for a given surrounding temperature and incident radiation 1143 
(IT) enables the calculation of Tc (equation (25)). With Tc, it is then possible to compute the parameters 1144 
that are surface temperature dependent (Duffie et al., 1980).  The Nominal Operating Cell 1145 
Temperature (NOCT)2 values are used to compute Tc. 1146 
 1147 

𝑇𝑇𝑐𝑐 =  𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎 + (𝑇𝑇𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 − 𝑇𝑇∞ 𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛) �1 −
𝑒𝑒𝑒𝑒𝑒𝑒
0.9

� �
𝐼𝐼𝑇𝑇

𝐺𝐺𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛
� (25) 

𝐸𝐸𝑔𝑔2 =  𝐸𝐸𝑔𝑔�1 − 𝐶𝐶�𝑇𝑇𝑐𝑐 − 𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟�� (26) 

𝑅𝑅𝑠𝑠ℎ  =  𝑅𝑅𝑠𝑠ℎ �
1000
𝐼𝐼𝑇𝑇

� (27) 

𝐼𝐼𝐿𝐿 =  
𝐼𝐼𝑇𝑇

1000
�𝐼𝐼𝐿𝐿 + 𝜇𝜇𝜇𝜇�𝑇𝑇𝑐𝑐 − 𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟�� 

(28) 

 1148 
The values of IL and Vmp are used as guess values to initialize the solution process that will 1149 

determine the voltage and current values for the maximum power, by calculating the values with 1150 
equations (25) to (28). 1151 

 1152 

                                                 
2 Tnoct = 318K; Tinf_noct = 293K; Gnoct = 800W/m2 


