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Highlights 

 The energy conversion chain in a photovoltaic water pumping system was modelled. 

 Water collection by the inhabitants was included as a model input. 

 The model was validated by using data acquired on a system in rural Africa. 

 The accuracy of the model is higher than 95 % when using local climatic data. 

 Accuracy drops of 1 to 3 % when replacing local climatic data by satellite ones. 

Abstract 

The low electrification rate in rural sub-Saharan Africa prevents access to energy services which are essential to improve 

living conditions. One of these energy services is electrified water pumping, which is particularly relevant for these areas 

where water access continues being a significant challenge. Pumping systems powered by photovoltaic energy have 

emerged as an interesting solution in off-grid areas. This article presents a model of photovoltaic water pumping system 

(PVWPS) for providing domestic water to off-grid rural communities. The model simulates the pumped flow rate and the 

water level in the storage tank from the climatic data (irradiance, ambient temperature) and the profile of water collection 

by the users of the system. The modelling of the different stages of the energy conversion chain and a method for identifying 

the unknown parameters of PVWPS are presented in this article. The model is applied to a pilot PVWPS situated in a rural 

village of Burkina Faso. The comparison between the measurements performed on the system and the model outputs allows 

to validate the model experimentally. Results indicate that the model permits to accurately simulate the water height in the 

tank both when climatic data from local sensors and from satellite are inputted in the model. The model could therefore be 

applied to other off-grid areas to perform techno-economic optimization and size new PVWPS as well as to evaluate the 

performances of existing PVWPS. The originalities of this work include the consideration of the water collection profile 

as a model input and the monitoring of a PVWPS in a rural village of Sub-Saharan Africa, an area where no continuous 

measurements on these systems has been performed, to the best knowledge of the authors. Further, the comparison of the 

impact of inputting satellite climatic data instead of measured ones on the PVWPS model accuracy is also a novel 

contribution. 

mailto:simon.meunier@centralesupelec.fr
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Nomenclature 

𝐻𝑝𝑎1(𝑡)  Additional head due to pressure losses in pipe assembly (PA) 1 (m) 

𝜌 Albedo of the surrounding environment  

𝑇𝑎(𝑡) Ambient temperature (°C) 

𝐴𝑂𝐼(𝑡) Angle of incidence between the sun’s rays and the PV modules (rad) 

𝑛 Aquifer losses coefficients (s/m2)  

𝑆𝑡  Area of the base of the tank (m2) 

µ𝑛 Borehole losses coefficients (s2/m5) 

𝛽 Coefficient of loss on the maximum power related to modules temperature (°C-1) 

𝐼𝑝𝑣 (𝑡) Current from the PV generator (A) 

𝐺𝑑ℎ(𝑡) Diffuse horizontal irradiance (W/m2) 

𝐺𝑑𝑛(𝑡) Direct normal irradiance (W/m2) 

𝐻𝑡,𝑏 Height between the ground level and the bottom of the tank (m) 

𝐻𝑏,𝑠 Height between the ground level and the static water level in the borehole (m)  

𝐻𝑏,𝑑(𝑡) Height between the static water level and the water level when there is pumping (drawdown) (m) 


𝑠𝑡𝑐

 Efficiency of the PV modules in standard test conditions (STC) (%) 

𝐺𝑔ℎ(𝑡) Global horizontal irradiance (W/m2) 

𝐻𝑡,𝑖 Height between the bottom of the tank and the level at which water enters the tank (m) 

𝐻𝑡,𝑟 Height between the bottom of the tank and the restart level (m) 

𝐻𝑡,𝑠 Height between the bottom of the tank and the stop level (m) 

𝐻𝑡(𝑡) Height between the bottom of the tank and the water level in the tank (m) 

𝐺𝑝𝑣(𝑡) Irradiance on the plane of the PV modules (W/m2) 

𝑁𝑂𝐶𝑇 Nominal operating cell temperature (°C) 

 Pipe pressure losses coefficient (s2/m5) 

𝑃𝑝𝑣(𝑡) Power produced by the PV modules (W) 

𝑄𝑝(𝑡) Pumped flow rate (m3/s) 

𝑇𝑝𝑣(𝑡) PV modules temperature (°C) 

𝜃  Tilt of the PV modules (rad) 

𝑡 Time  

𝑇𝐷𝐻(𝑡) Total dynamic head (m) 

𝑆𝑝𝑣  Total surface covered by the cells of the PV modules (useful surface) (m2) 

𝑏(𝑡) Triggering signal from the controller 

𝑉𝑝𝑣  (𝑡) Voltage of the PV generator (V) 

𝑄𝑐(𝑡) Water collection flow rate (m3/s)  

1 Introduction 
In 2016, only 25 % of the rural areas of sub-Saharan Africa had access to electricity [1]. As a consequence, many energy 

services such as lighting, communication, machinery and water pumping cannot be fulfilled. The latter is particularly 

important because more than 300 million people use unimproved water sources in sub-Saharan Africa, mostly in rural areas 

[2]. 

The main energy source for extracting water in these areas is human physical strength, through hand pumps or with buckets 

in wells [3]. Such collection techniques are time consuming [4], very physically demanding [5] and prevent from reaching 

deep aquifers [6]. Using electrified solutions from non-renewable or renewable sources has been attempted. In general, 

these solutions are based on diesel but water pumping systems powered by photovoltaic energy have been expanding. This 

is notably due to the fact that, thanks to the decreasing costs of photovoltaic (PV) modules [7], these systems have become 

competitive in off-grid rural areas in terms of life cycle cost [8]. Moreover, they do not emit greenhouse gases at generation 

point [9], are silent [10], and have low maintenance [11] and operation [12] requirements.  

Several models of photovoltaic water pumping systems (PVWPS) have been developed. These models use climatic data as 

input to simulate the pumped flow rate and focus on different parts of the energy conversion chain. The volume of water 

pumped for different motor-pump technologies during several months was estimated [13]. Detailed models of the PV array 

subsystem [14] and the pumping subsystem [14, 15] were presented and their performances for different climatic conditions 

were simulated. To the best knowledge of the authors, the existing models do not take the water collection profile at the 

PVWPS as an input. This represents a problem for PVWPS with a specific architecture, which includes a tank and a 

controller that stops and restarts the motor-pump depending on the water level in the tank. Indeed, the water collection 

profile influences the water level in the tank and therefore the operation of the motor-pump. As a consequence, without 

considering the water collection profile, one cannot model correctly PVWPS with this specific architecture, which is 

nonetheless commonly used for domestic water access. 
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Several studies have reported experimental measurements on PVWPS in a laboratory environment or for irrigation, in 

several regions of the world. A laboratory test facility in Algeria was used to validate the models presented in [14] and [15] 

and experimental data on the operation of PVWPS were collected in laboratories in Greece [16], Tunisia [17] and India 

[18, 19]. In addition, a PVWPS for irrigation in rural China allowed to validate the models detailed in [20] and [21]. Data 

on PVWPS for irrigation installed in Egypt [22], Saudi Arabia [23, 24] and Peru [25] were also acquired. Nevertheless, to 

the best knowledge of the authors, no measurements have been provided on PVWPS for domestic water access in rural 

villages and none of the studied PVWPS was located in sub-Saharan Africa, despite it being one of the regions with the 

lowest grid coverage [1] and access to improved water supply [2] and having a high solar energy potential [26]. These 

elements represent a limitation when it comes to characterising the energetic performances of PVWPS for the particular 

climate of sub-Saharan Africa and for the particular water use of rural villages. 

In addition to previous points, in most articles, the climatic data (irradiance, ambient temperature) used as input of PVWPS 

models are provided by local measurements. A large number of studies notably use data from weather stations located in 

North Africa: in different cities of Algeria [14, 27], the southern part of Algeria [28, 29], Tunisia [30] and Egypt [22]. 

Some other models used local measurements from other parts of the world such as Malaysia [31], China [20, 21], Saudi 

Arabia [23, 24], Kuwait [32], Greece [33] and India [18, 19]. Fewer models have used climatic data provided by satellite 

databases. Data from NASA have been utilized for a case study in Ethiopia [34]. Data from Meteonorm have been used 

for studies in China on irrigation [13, 35]  and milk production [36] and for a case study in Morocco [37]. However, to the 

best knowledge of the authors, the comparison of the impact of inputting satellite data or local measurements on the output 

of PVWPS models and on their accuracy has not yet been assessed. It is important though to know whether any piece of 

information may be lost when replacing local sensors for information from satellite.  

In this article, a photovoltaic water pumping system model for communal domestic water use in a rural setting is proposed. 

This model presents the different stages of this energy conversion system that allows the transformation of primary solar 

resource to an energy service, which is domestic water supply. The model allows to simulate the pumped flow rate and the 

water level in the tank by using both the water collection profile and climatic data as inputs. The model is validated with 

data from an installed solar water pumping equipment located in Gogma, a remote village situated in the center-eastern 

Burkina Faso, Sub-Sahara African. Each day, around 10 m3 meters are provided by this PVWPS for the domestic water 

uses of 250 people of the village. To our knowledge, this is the only study that uses experimental data from Sub-Saharan 

Africa and from a PVWPS for domestic water consumption, allowing a more precise forecast of performance and 

sustainability of photovoltaic water pumping in this region and for this specific water use. The measurements cover both 

the dry and the wet season and they are acquired with a time step of ~2.2 s, which permits to grasp the rapid variations of 

the water use profile. Finally, this study also compares the impact on model output and accuracy of using either climatic 

satellite data or data from local sensors as input. The model can be applied in other un-electrified villages, to optimize the 

sizing of new PVWPS and to evaluate the performances of existing PVWPS. 

The architecture of PVWPS that is covered by the proposed model and the test site of Gogma are described in section 2; 

the experimental data collected in Gogma are presented in section 3; the model is detailed in section 4; the validation of 

the model and the comparison between the use of satellite data and local measurements are presented in section 5.  

2 Architecture of the photovoltaic water pumping system considered  
The proposed model applies to systems with the architecture presented in Figure 1. The components that are encompassed 

in this architecture are:  

 A PV generator 

 A motor-pump with a maximum power point tracking (MPPT) controlled inverter which is immersed in the 

borehole. The MPPT controlled inverter allows tracking the best operation point of the PV generator. This whole 

set is called “motor-pump” in the rest of the article. 

 A controller which starts and stops the motor-pump according to two set points of the water level in the tank, 

which is obtained by a float switch. 

 A water tank  

 A pipe assembly PA1 which links the motor-pump to the tank. 

 A fountain at which inhabitants collect water by using taps. 

 A pipe assembly PA2 which links the tank to the fountain. 

The heights that feature in the model are also presented in Figure 1. 
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Figure 1 Architecture of the system and definition of the heights 

 The height datum is set at the ground level so 𝐻𝑏,𝑠 and 𝐻𝑏,𝑑 are negative 

The PVWPS considered for the case study is in the rural village of Gogma (GPS coordinates: latitude 11.724586; longitude 

- 0.572290) in the center-eastern Burkina Faso. The system was set up in December 2017 by the company DargaTech, 

based in Ouagadougou, in collaboration with our research groups. In Gogma the inhabitants mostly work on agriculture 

for less than 1 $ per day and houses neither have access to electricity nor to piped water. The PVWPS provides water to 

approximately 250 people each day. They collect the water at the fountain of the PVWPS and use it for 4 types of domestic 

uses: drinking, cooking, body hygiene and laundry. In general they bring the water back home for drinking, cooking and 

body hygiene and do the laundry next to the fountain. Figure 2 and Figure 3 show this PVWPS and Table 1 summarizes 

the parameters of the PVWPS. 

 
Figure 2 Picture of the PVWPS of Gogma 
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Figure 3 Overview of the PVWPS  

On the left: the fountain where the inhabitants collect water. 

On the right: the PV modules and the water tank surrounded by a wire netting  

              

Table 1 Parameters of the PVWPS of Gogma 

3 Experimental data 
In order to identify the unknown parameters of the PVWPS model, to validate it and to monitor the performances of the 

system installed in Gogma along time, a specific data logger was developed. This data logger was conceived with the idea 

of minimizing its cost in order to encourage its use for monitoring other PV water pumping installations. The architecture 

and a picture of the data logger are shown in Figure 4. The data logger is powered by external PV modules (different from 

the ones of the PVWPS) and the recorded data are collected by using a USB stick. The characteristics of the different 

sensors are presented in Table 2. In this table, the pumped flow rate 𝑄𝑝 is the flow rate extracted from the borehole and is 

measured thanks to a flow meter set on PA1. The collected flow rate 𝑄𝑐 corresponds to the water collected by the inhabitants 

at the fountain. This flow rate is the amount of water retrieved from the water tank and is measured by setting up a flow 

meter on PA2. From the 14th of January 2018 onward, data have been continuously acquired at Gogma’s PVWPS with a 

PV generator:  3 multicrystalline silicon modules in series 

Peak power in Standard Test Conditions (STC) according to the datasheet 750 Wp 

Total useful surface covered by the cells (𝑆𝑝𝑣) 3.9 m2 

Tilt (𝛩) 0.19 rad (11°) 

Azimuth π rad (180°) 

Borehole 

Distance from the ground level to the bottom of the borehole 56 m 

Interior diameter of the borehole 0.11 m 

Motor-pump: Grundfos SQFlex 5A-7 [38] 

Distance from the ground level to the motor-pump 30 m 

Maximum power input 1400 W 

Maximum pumping height 50 m 

Maximum output flow rate 2.5 10-3 m3/s 

Tank: cylindrical made of steel 

Volume 11.4 m3  

Base surface (𝑆𝑡) 3.3 m2 

Height between the ground level and the bottom of the tank (𝐻𝑡,𝑏) 4.2 m 

Height between the bottom of the tank and the stop level (𝐻𝑡,𝑠) 3.3 m 

Height between the bottom of the tank and the restart level (𝐻𝑡,𝑟) 3.0 m 

Height between the bottom of the tank and the tank input (𝐻𝑡,𝑖) 3.4 m  

Controller: Grundfos CU 200 [39] 

Pipe assembly PA1: 4 pipes of different diameters and materials 

Total length  47 m 

Fountain 

Number of taps 3 

Pipe assembly PA2: 1 pipe 

Total length 21 m 
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time step of ~2.2 s. The recording rate is equal to the frequency of acquisition. Up to now, more than 200 days of data have 

been collected which represents more than 5 million points for each of the quantities measured.  

Figure 5 presents an example of data collected by the data logger on February 14th, 2018.  The sudden interruptions in the 

pumped flow rate profile correspond to the moments at which the water height in the tank 𝐻𝑡  has reached the stop level 

𝐻𝑡,𝑠, which means that the tank is full (at 8h52, 10h06, 12h32 and 13h54 in Figure 5). As the water level in the tank can be 

directly deduced from the pumped and the collected flow rate, which are both measured, it is also considered as measured. 

Moreover, in order to avoid a shift of this measured water height in the tank, which may come from the uncertainty on the 

flow meters measurements, we reset the measured water height to 𝐻𝑡,𝑠 each time the tank is full. 

  
Figure 4 Data logger used for monitoring the PVWPS of Gogma 

      

Measured data Device Model Location Frequency 

(Samples/min)  

 

Sensor 

accuracy 

Irradiance on the 

plane of the PV 

modules (𝐺𝑝𝑣) 

 

Calibrated 

photovoltaic cell 

Solems 

RG100 

On the plane 

of the PV 

modules 

27 ± 10 % 

Ambient 

temperature (𝑇𝑎) 

Platinum 

resistance 

thermometer 

 

RS Pro 

PT1000 

In the shadow, 

next to the PV 

modules 

27 ± 0.05 % 

PV modules 

temperature (𝑇𝑝𝑣) 

 

Platinum 

resistance 

thermometer 

 

RS Pro 

PT1000 

On the back of 

a PV module 

27 ± 0.05 % 

Voltage of the PV 

generator (𝑉𝑝𝑣) 

 

Voltage 

transducer 

LEM LV 

25P 

PV generator  27 ± 0.9 % 

Current from the 

PV generator (𝐼𝑝𝑣) 

 

Current 

transducer 

LEM LA 

55P 

PV generator 

 

27 ± 0.9 % 

Pumped flow rate 

(𝑄𝑝) 

 

Turbine flow 

sensor 

HaiHuiLai 

YF-DN40 

On PA1 27 ± 5 % 

Collected flow rate 

(𝑄𝑐) 

Turbine flow 

sensor 

HaiHuiLai 

YF-DN40 

On PA2  27 ± 5 % 

Table 2 Data monitored by the data logger 
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Figure 5 Data collected by the data logger on the 14th of February 2018. 

4 Photovoltaic water pumping system model 
The proposed model allows to simulate the pumped flow rate and the water level in the tank from climatic and water 

collection data. The model inputs are the irradiance on the plane of the PV modules 𝐺𝑝𝑣, the ambient temperature 𝑇𝑎 and 

the collected flow rate 𝑄𝑐. The model outputs are the pumped flow rate 𝑄𝑝  and the water level in the tank 𝐻𝑡 . The block 

diagram of the model is presented in Figure 6 and the different submodels are explained in the following subsections.  

The application of the model to the PVWPS of Gogma is composed of two phases: identification and validation. The 

unknown parameters of the system are identified by performing regressions using the measured data from the 12th of 

February 2018 to the 18th of February 2018 (identification set). The square of the multiple correlation coefficient 𝑅2 is used 

to estimate the accuracy of identifications. The model validation is then performed by using data from a different period 

(validation set) and presented in section 5. The model validation will be detailed for the period which last from the 19th of 

February 2018 to the 21st of February 2018. Moreover, the results of the model validation will also be given for two other 

validation sets of two weeks. The first one lasts from the 16th of May to the 29th of May 2018 and represents the dry season. 
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The second one lasts from the 29th of July to the 11th of August 2018 and represents the wet season. The normalized root 

mean square error 𝑁𝑅𝑀𝑆𝐸 between the measured and modelled values is used to estimate the accuracy of the model. 

For the identification and validation, we used the measured data rescaled to an equally spaced temporal resolution of 1 

minute. Indeed, the satellite data that will be used in section 5 are also provided with a time step of 1 minute. We verified 

by simulation that the results obtained for identification and validation with a time step of 2.2 s were very similar to the 

ones obtained with a time step of 1 minute.  

 
Figure 6 Block diagram of the model. 

4.1 Photovoltaic generator 

4.1.1 Thermal model 
The PV generator thermal model computes the temperature of the PV modules 𝑇𝑝𝑣 using:  

𝑇𝑝𝑣(𝑡) = 𝑇𝑎(𝑡) +
𝑁𝑂𝐶𝑇 − 20

800
 𝐺𝑝𝑣(𝑡) (1) 

 

where 𝑇𝑎  is the ambient temperature and 𝐺𝑝𝑣 is the irradiance on the plane of the PV modules. The 𝑁𝑂𝐶𝑇 (Nominal 

Operating Cell Temperature), generally specified by the manufacturer, corresponds to the temperature of the open circuited 

modules under the following conditions: irradiance on the plane of the modules of 800 W/m2, ambient temperature of 20°C, 

wind velocity of 1 m/s and the modules are mounted such that their back side is open.  

For the PVWPS of Gogma, the 𝑁𝑂𝐶𝑇 was not given in the datasheet of the PV modules. The 𝑁𝑂𝐶𝑇 is therefore determined 

by identification. To do so, we perform a regression using equation (1) and the experimental data of 𝑇𝑝𝑣 , 𝑇𝑎 and 𝐺𝑝𝑣 from 

the identification set. The identification yields to a 𝑁𝑂𝐶𝑇 of 32 °C (𝑅2 = 0.98). This is low compared to usual values for 

multicrystalline silicon PV modules, which are in the order of 43 °C to 45 °C [40]. This can be explained by a wind speed 

higher than 1 m/s and which is not taken into account in the thermal model. Indeed, strong and regular winds have been 

observed in Gogma and the PV modules are placed at 2 m above ground which favors cooling by convection. 

4.1.2 Electrical model 
For the PV generator electrical model, considering that the maximum power point tracking of the PV modules is correctly 

performed by the inverter of the motor-pump, a simplified model is used [41, 42] :  

𝑃𝑝𝑣(𝑡) = 𝐺𝑝𝑣(𝑡) 𝑆𝑝𝑣 
𝑆𝑇𝐶

 (1 + 𝛽 (𝑇𝑝𝑣(𝑡) − 25))  𝑏(𝑡) (2) 

*

*

Motor-pump

(datasheet)

*

*

Hydraulic 

System ( , 

, , )

Controller

( , )

*

Elec PV

( , , )

Temp PV

( )

PV generator with 

MPPT control

[0, 1]

Inputs Parameters identified

Outputs *: Monitored by data logger

Tank

( , )

*

*
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where 𝑃𝑝𝑣 is the input power to the motor-pump, 𝑆𝑝𝑣 is the useful surface of the PV modules, 
𝑆𝑇𝐶

 is their efficiency in 

STC, 𝛽 is the coefficient of loss on the maximum power related to modules temperature and 𝑏 is the controller trigger 

signal (see section 4.2).  

For the PVWPS of Gogma, the soiling losses are neglected as the modules are cleaned at least twice a month by the person 

of the village who is responsible of maintaining the PVWPS. In addition, the PV modules were bought in Burkina Faso 

and the only documentation that was provided was the tag on the back of the modules. 𝛽 was not given in the tag and is 

thus taken equal to - 0.4 %/°C, which is the standard value for multicrystalline silicon modules [41]. According to the tag, 

the efficiency in STC is equal to 19 %. Nevertheless, since in these regions the tag is not always reliable, it was preferred 

to determine the value of 
𝑆𝑇𝐶

 by identification. A value of 16 % was obtained (𝑅2 = 0.96), which is consistent with the 

literature [43].  

4.2 Controller  
The controller is modeled by a switch which transfers (𝑏 = 1) or not (𝑏 = 0) the power of the PV modules to the motor-

pump depending on the water level in the tank 𝐻𝑡 . The value of 𝑏 is governed by the hysteresis function presented in Figure 

7, where 𝐻𝑡,𝑠 is the water level in the tank for which the motor-pump stops (the tank is full) and 𝐻𝑡,𝑟 is the level for which 

it restarts.  

 
Figure 7 Controller model. 

For the PVWPS of Gogma, the ratio 
𝐻𝑡,𝑠−𝐻𝑡,𝑟

𝐻𝑡,𝑠
 is equal to 9 %. 

4.3 Tank   
As the tank is sealed, it is considered that no water leaves the tank by evaporation. The height of water in the tank 𝐻𝑡  is 

expressed as: 

𝐻𝑡(𝑡0) = 𝐻𝑡,𝑠 

 

𝐻𝑡(𝑡) = 𝐻𝑡(𝑡0) + ∫
𝑄𝑝(𝜏) − 𝑄𝑐(𝜏) 

𝑆𝑡

𝑑𝜏
𝑡

𝑡0

  
(3) 

 

where 𝑄𝑝 is the pumped flow rate, 𝑄𝑐 is the water collection flow rate and 𝑆𝑡 is the area of the base of the cylindrical tank. 

The model is initialized at a time 𝑡0 at which the water level has just reached the stop level 𝐻𝑡,𝑠, the motor-pump has just 

stopped pumping and 𝑏 has just switched from 1 to 0. This time 𝑡0 is identified by finding an interruption in the pumped 

flow rate profile. Once it has been identified, only climatic data and water collection data are required for running the whole 

model. 

4.4 Motor-pump 
The characteristic of the motor-pump provided by the manufacturer is used to build the motor-pump model. This 

characteristic links the total dynamic head 𝑇𝐷𝐻, the pumped flow rate 𝑄𝑝 and the input power 𝑃𝑝𝑣. The points of the 

characteristic for which 𝑄𝑝 > 0 are fitted by a 4th order polynomial 𝑃𝑎
4,4

. This provides a precise approximation while 

maintaining a low computing time. The pumped flow rate is thus given by:  

𝑄𝑝(𝑡) = max (0,  𝑃𝑎
4,4 (𝑃𝑝𝑣(𝑡), 𝑇𝐷𝐻(𝑡)))  (4) 

 

For the PVWPS of Gogma, the fitting is very accurate (R2 = 1.00) and the coefficients of the polynomial are presented in 

appendix in section 7. Figure 8 presents the points from the datasheet and the surface obtained by fitting (corresponding to 

equation (4)). 
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Figure 8 Characteristic surface of the motor-pump SQFlex 5A-7 

4.5 Hydraulic system 
The total dynamic head 𝑇𝐷𝐻 between the motor-pump and the tank is given by: 

𝑇𝐷𝐻(𝑡) = − (𝐻𝑏,𝑠 + 𝐻𝑏,𝑑(𝑡)) + 𝐻𝑡,𝑏 + 𝐻𝑡,𝑖 + 𝐻𝑝𝑎1(𝑡),   ∀𝑃𝑝𝑣  (5) 

 

where 𝐻𝑏,𝑠 is the static water level (height between the ground level and the water level in the borehole when there is no 

pumping; 𝐻𝑏,𝑠<0), 𝐻𝑏,𝑑 is the drawdown (height between the static water level and the water level in the borehole when 

there is pumping; 𝐻𝑏,𝑑<0), 𝐻𝑡,𝑏 is the height between the ground level and the bottom of the tank, 𝐻𝑡,𝑖 is the height between 

the bottom of the tank and the tank input (independent of the water level in the tank) and 𝐻𝑝𝑎1 is the additional head due 

to pressure losses in pipe assembly 1 (Figure 1). 𝐻𝑏,𝑑 and 𝐻𝑝𝑎1 can be expressed as function of 𝑄𝑝 only (see sections 4.5.1 

and 4.5.2) and equation (5) holds for any value of 𝑃𝑝𝑣. This equation therefore represents the equation of a surface versus 

variables 𝑄𝑝 and 𝑃𝑝𝑣, which is called the hydraulic system surface. 

4.5.1 Drawdown model 
It is considered that the drawdown 𝐻𝑏,𝑑 changes linearly and quadratically with the pumped flow rate [44] and that the 

drawdown at a time 𝑡 also depends on the flow rates at previous times [45]. This drawdown is therefore given by: 

𝐻𝑏,𝑑(𝑡) = − ∑ 𝜅𝑛𝑄𝑝(𝑡 − 𝑛 Δ𝑇) − ∑ 𝜇𝑛𝑄𝑝(𝑡 − 𝑛 Δ𝑇)2

𝑁

𝑛=0

𝑁

𝑛=0

 (6) 

 
where 𝜅𝑛 are coefficients that represent aquifer losses, 𝜇𝑛 represent borehole losses and Δ𝑇 is a time difference. The values 

chosen for 𝑁 and Δ𝑇 depend on the data availability, the accuracy required for the model and the speed of the drawdown 

response. 

For the PVWPS of Gogma, 𝜅𝑛 and 𝜇𝑛 were identified from the step drawdown tests that were performed before the 

installation of the PVWPS, at the moment of the borehole drilling in November 2017. 4 step drawdown tests were 

performed for 4 different flow rates ranging from 2.8 10-4 m3/s to 1.8 10-3 m3/s. For each step drawdown test, 𝐻𝑏,𝑑  was 

monitored, with a time step of 10 minutes, during one hour of pumping at a given flow rate and during an additional hour 

when there was no pumping (recovery phase). Regressions of 𝐻𝑏,𝑑 against 𝑄𝑝 and 𝑡 with a Δ𝑇 of 10 minutes for different 

values of 𝑁 were tried. In the end, a model with only 𝜅0 and 𝜇0 was selected. Indeed the aquifer response is fast and the 

statistical significance of the following coefficients (𝜅1, 𝜇1, 𝜅2, 𝜇2…) is low. The values obtained for 𝜅0and 𝜇0 are: 

𝜅0 = 2.0 103 m−2 s; µ0 = 5.8 105 𝑚−5 s2 (𝑅2 = 0.97) 

Figure 9 presents the drawdown measured during the 4 step pumping tests (at 2.8 10-4, 8.3 10-4, 1.7 10-3 and 1.8 10-3 m3/s) 

and the drawdown simulated by the model. The difference between the model and the pumping test data shows the difficulty 

of setting up the drawdown model, but the accuracy reached is sufficient for the purposes of this particular PVWPS model 

(see section 5). 
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Figure 9 Drawdown measured during the pumping tests and simulated by the model  

4.5.2 Pipe model 
The additional head due to losses in pipe assembly 1 𝐻𝑝𝑎1 evolves quadratically with the flow rate [46]: 

𝐻𝑝𝑎1(𝑡) = 𝜈𝑄𝑝(𝑡)2 (7) 

 

where   is a constant. These losses occur along the length of the pipes and at junctions (elbows, curvatures, diameter 

changes between pipes and pipe output) [46].  

In the case of Gogma,  and 𝐻𝑏,𝑠 are determined by identification by using equation (5) and (7) and data from the PVWPS 

operation. As 𝑇𝐷𝐻 is not measured directly, it is obtained from 𝑃𝑝𝑣 and 𝑄𝑝 by fitting the motor-pump characteristic with 

another 4th order polynomial 𝑃𝑏
4,4

 (see appendix in section 7 for the values of the coefficients):  

𝑇𝐷𝐻(𝑡) = 𝑃𝑏
4,4 (𝑃𝑝𝑣(𝑡), 𝑄𝑝(𝑡)) , ∀𝑄𝑝 > 0    (𝑅2 = 1.00) (8) 

 

By combining equation (5) and (8), all the operating points of the PVWPS, which correspond to the intersection of the 

motor-pump surface and of the hydraulic system surface, can be found: 

𝑃𝑏
4,4 (𝑃𝑝𝑣(𝑡), 𝑄𝑝(𝑡)) = −(𝐻𝑏,𝑠 − 𝜅0𝑄𝑝(𝑡) − 𝜇0𝑄𝑝(𝑡)2) + 𝐻𝑡,𝑏 + 𝐻𝑡,𝑖 + 𝜈𝑄𝑝(𝑡)2 (9) 

 

The values of 𝐻𝑏,𝑠 and   are identified by using the measured 𝑃𝑝𝑣 and 𝑄𝑝  from the identification set:  

𝐻𝑏,𝑠 = − 4.9 m; 𝜈 = 4.9 106 𝑚−5 s2 (𝑅2 = 0.84) 

The value of the static water level identified is close to the one measured during the step drawdown tests which is of - 6.1 m. 

The difference may be due to measurement error, seasonal change, model inaccuracy or a combination of these factors. 

The value of 𝜈 is greater than usual values for this type of system, which corresponds to significant head losses due to the 

pipe assembly 1 (PA1) [46]. 

For installations for which pumping tests are not available, it is possible to determine the coefficients (𝜅𝑛 , 𝜇𝑛, 𝐻𝑏,𝑠, 𝜈) from 

the intersection of the motor-pump surface and the hydraulic system surface only (equation (9) for the PVWPS of Gogma). 

However, as 𝜇0 and 𝜈 are both coefficients for 𝑄𝑝(𝑡)2, only the sum of 𝜇0 and 𝜈 is obtained and not the individual values 

of the coefficients. This prevents to separate the contributions of the drawdown and the pipe losses to the total dynamic 

head. It would therefore not be possible to know if the drawdown goes below the level of the motor-pump. 

5 Model validation for two types of climatic data 
The model inputs are the climatic data (irradiance and temperature) and the collected flow rate. The model outputs are the 

pumped flow rate and the water level in the tank. To validate the model, the model outputs are compared to the measures 

of the data logger for each validation set. Two types of climatic data can be used as model inputs: local measurements and 

satellite data.  

Regarding satellite temperature data, the Modern-Era Retrospective analysis for Research and Applications, Version 2 

(MERRA-2), provides the ambient temperature with a temporal resolution of 1 minute [47]. Regarding satellite irradiance 
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data, the Copernicus Atmosphere Monitoring Service provides the direct normal irradiance 𝐺𝑑𝑛, the global horizontal one 

𝐺𝑔ℎ and the diffuse horizontal one 𝐺𝑑ℎ for the actual weather conditions with a temporal resolution of 1 minute [48]. It is 

also possible to use satellite climatic data from other databases such as Meteonorm [49]. The irradiance on the plane of the 

PV modules 𝐺𝑝𝑣, can be deduced from satellite data by [50]: 

𝐺𝑝𝑣(𝑡) = 𝐺𝑑𝑛(𝑡) cos(𝐴𝑂𝐼(𝑡, 𝜃)) + 𝐺𝑔ℎ(𝑡) 𝜌 
1 − cos(𝜃)

2
+ 𝐺𝑑ℎ(𝑡) 

1 + cos(𝜃)

2
 (10) 

 
where 𝜌 is the albedo of the surrounding environment, 𝜃  is the tilt of the PV modules, 𝐴𝑂𝐼 is the angle of incidence between 

the sun’s rays and the PV modules. The 𝐴𝑂𝐼 is computed by using the MATLAB library PVLIB developed by the Sandia 

National Laboratories [51].  

For the PVWPS of Gogma, according to the observation of the local environment a value of 0.25 is considered for the 

albedo [42]. We have observed, thanks to simulation, that the influence of the albedo on the irradiance on the plane of the 

PV modules is very low. This is due to the nearly horizontal position of the PV modules (tilt angle of 0.19 rad i.e. 11°). 

Figure 10 presents the different components of the irradiance retrieved from the Copernicus Atmosphere Monitoring 

Service for the location of Gogma and the irradiance on the plane of the PV modules obtained by applying equation (10). 

 
Figure 10 Components of the irradiance from satellite data and derived irradiance on the plane of the PV modules. 

𝐺𝑑𝑛: direct normal irradiance, 𝐺𝑔ℎ: global horizontal irradiance, 𝐺𝑑ℎ: diffuse horizontal irradiance, 

 𝐺𝑝𝑣: irradiance on the plane of the PV modules 

Figure 11 and Figure 12 present the irradiance on the plane of the PV modules 𝐺𝑝𝑣 and the ambient temperature 𝑇𝑎 obtained 

from satellite data and from local measurements for the validation set which last from the 19th of February to the 21st of 

February. Figure 13 shows the collected flow rate 𝑄𝑐 for the same period. 𝐺𝑝𝑣, 𝑇𝑎 and 𝑄𝑐 are the model inputs. The 

correlation between local measurements and satellite data is good for irradiance (Figure 11b) and fair for ambient 

temperature (Figure 12b). However, the latter has a small effect on the model output due to the weak influence of ambient 

temperature on photovoltaic energy production. 
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(a) 

 
(a) 

 
(b) 

Figure 11 Irradiance on the plane of the PV modules from 

satellite data and from local measurements (model input) 

(a) Temporal evolution (b) scatter plot 

 
(b) 

Figure 12 Ambient temperature from satellite data and from 

local measurements (model input). 

(a) Temporal evolution (b) scatter plot 

 
Figure 13 Temporal evolution of the water collection flow rate 

from local measurements (model input). 

 

The computations for the model for the February validation set start on the 19th of February at 9h20 as the motor-pump has 

just stopped at this moment and the water height in the tank has just reached the stop level (see section 4.3). Figure 14 

compares the measured pumped flow rate 𝑄𝑝 and water height in the tank 𝐻𝑡  to the ones obtained from the model with 

locally measured irradiance and ambient temperature as inputs. Figure 15 does the same comparison but the model inputs 

are satellite irradiance and satellite ambient temperature.  
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(a) 

 
(a) 

 

 
(b) 

 

 
(b) 

 
(c) 

 
(c) 

Figure 14 Pumped flow rate and water height in the tank measured 

and simulated (model outputs) for local climatic measurements as 

input. 

(a) Pumped flow rate temporal evolution (b) Pumped flow rate 

scatter plot (c) Water height in the tank temporal evolution 

Figure 15 Pumped flow rate and water height in the tank measured 

and simulated (model outputs) for satellite climatic data as input. 

(a) Pumped flow rate temporal evolution (b) Pumped flow rate 

scatter plot (c) Water height in the tank temporal evolution 

 

In order to evaluate the performances of the model we study more closely the simulation of the water height in the tank 

(Figures 14c and 15c). Indeed, it is the most crucial parameter when sizing or analyzing the performances of PVWPS as 

the water level in the tank must always remain higher than 0 in order to fulfil the water needs of the inhabitants. The root 

mean square error 𝑅𝑀𝑆𝐸 between the measured and modelled height in the water tank is of 0.03 m for measured climatic 

data as model input and of 0.19 m for satellite climatic data as model input. The 𝑅𝑀𝑆𝐸 values are normalized by the height 
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between the bottom of the tank and the stop level 𝐻𝑡,𝑠, which is of 3.3 m, in order to obtain the normalized root mean square 

errors (𝑁𝑅𝑀𝑆𝐸). For the validation period of February, the model allows to predict the water level in the tank with 1.0 % 

error with measured climatic data as input and with 2.7 % error with satellite climatic data as input.  

The same results were computed for the two-week validation sets in May and July-August 2018. The 𝑁𝑅𝑀𝑆𝐸 for the May 

period is of 4.8 % when measured climatic data are used as input and of 5.9 % when satellite climatic data are used as 

input. The 𝑁𝑅𝑀𝑆𝐸 for the July-August period is 3.8 % with measured climatic data as input and of 5.9 % with satellite 

climatic data as input. Moreover, for all 3 validation periods and for measured and satellite data as input, the absolute value 

of the difference between the instantaneous measured and modelled water heights in the tank does not durably increase or 

decrease along the validation period.  

The results indicate that the error for measured data as input is higher for periods which are far from the identification 

period (May and July-August). This may be due to changes in the parameters of the system such as the static water level 

in the borehole. Moreover, for the May and July-August periods the errors obtained with satellite and measured data as 

input are similar. However, it is important to keep in mind that the results with satellite data as input may depend on the 

location for which satellite data are obtained and on the database from which they are retrieved. 

6 Conclusion 
The model succeeded in accounting for a previously unaccounted input, i.e., water collection by the users of the PVWPS. 

The inclusion of the new input allows to model PVWPS with a tank and a control loop on the water level in the tank, which 

is a common architecture for providing domestic water in off-grid areas of developing countries. We also proposed a 

methodology for identifying the unknown parameters of the considered PVWPS. Thanks to this methodology, the accuracy 

of the model is higher than 95 % when using climatic data from local sensors as model input. In addition, we showed that 

the accuracy drops of only 1 to 3 % when replacing local climatic data by satellite ones. As a consequence, as local climatic 

measurements may be replaced by satellite data, only the water collection profile would have to be estimated locally to 

apply the PVWPS model in a given village. This simplifies the simulation of PVWPS performances in other geographic 

areas. Finally, the parameters of the system in Gogma, Burkina Faso, and the experimental data collected may serve as 

reference for other installations that aim at communal water access in rural areas of Sub-Saharan Africa.  

7 Appendix: Motor-pump model polynomial coefficients 
Polynomial 𝑸𝒑 = 𝑷𝒂

𝟒,𝟒(𝑷𝒑𝒗, 𝑻𝑫𝑯) 𝑻𝑫𝑯 = 𝑷𝒃
𝟒,𝟒(𝑷𝒑𝒗, 𝑸𝒑) 

Formula 

𝑄𝑝 = ∑ 𝑘𝑚,𝑛𝑃𝑝𝑣
     𝑚 𝑇𝐷𝐻𝑛

𝑚+𝑛=4

𝑚+𝑛=0

 𝑇𝐷𝐻 = ∑ 𝑙𝑚,𝑛𝑃𝑝𝑣
     𝑚 𝑄𝑝

  𝑛

𝑚+𝑛=4

𝑚+𝑛=0

 

 

Coefficients Index Value Unit Index Value Unit 

k0,0 2.3 10-4 m3 s-1 l0,0 4.2 m 

k1,0 6.5 10-6 m3 s-1  l1,0 1.5 10-1 m W-1 

k0,1 -5.2 10-5 m2 s-1 l0,1 -3.4 104 m-2 s  

k2,0 -7.3 10-9 m3 s-1 W-2 l2,0 -6.1 10-5 m W-2 

k1,1 - 2.9 10-8 m2 s-1 W-1 l1,1 -1.4 102 m-2 s W-1 

k0,2 8.3 10-8 m s-1 l0,2 5.4 107 m-5 s2 

k3,0 3.6 10-12 m3 s-1 W-3 l3,0 5.2 10-8 m W-3 

k2,1 1.1 10-10 m2 s-1 W-2 l2,1 -1.5 10-2 m-2 s W-2 

k1,2 -2.0 10-9 m s-1 W-1 l1,2 9.4 104 m-5 s2 W-1 

k0,3 2.8 10-8 s-1 l0,3 -4.1 1010 m-8 s3 

k4,0 -6.7 10-16 m3 s-1 W-4 l4,0 -2.1 10-11 m W-4 

k3,1 -3.9 10-14 m2 s-1 W-3 l3,1 1.8 10-5 m-2 s W-3 

k2,2 1.5 10-13 m s-1 W-2 l2,2 -15 m-5 s2 W-2 

k1,3 1.0 10-11 s-1 W-1 l1,3 -1.3 107 m-8 s3 W-1 

k0,4 -2.6 10-10 m-1 s-1 l0,4 7.8 1012 m-11 s4 

Table 3 Fitting coefficients for the motor-pump model. 
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