
 1 

Water supply systems efficiency – Application of renewable 
energy sources 

J. S.  Ramos*, H. M. Ramos** 

 
*Alameda Roentgen 6, 6º esquerdo, 1600-759 Lisboa, Portugal. E-mail: jsampayoramos@gmail.com 
**Civil Engineering Department, Instituto Superior Técnico, Technical University of Lisbon,  
Av. Rovisco Pais, 1049-001, Lisbon, Portugal. E-mail: hr@civil.ist.utl.pt 

 
 

ABSTRACT This work has the objective of studying the possible application of renewable energy sources 
to supply water pumps. 
The increase in price of conventional fossil energy sources is making developing and developed countries 
resort renewable energy. Since water demand is increasing, the pumps energy demand increases as well 
forcing a solution for this situation. 
A preliminary study of a deep well in Lusaka, Zambia was done using the PVSYST software. This 
preliminary study revealed that a PV powered deep well pump (as a stand-alone system) would be a good 
solution since the water cost would be 1,07 €/m3, which is a competitive value. 
A water supply system to a Portuguese village was also analyzed. Water pumped between the source and a 
village reservoir was connected to different power sources, using the Homer software. The pump power and 
operating conditions were determined using EPANET. Firstly a stand-alone system was tested to compare 
with the cost of extending the electrical grid. The breakeven grid distance obtained for average values of PV 
cost, grid extension cost and pump power, was 31,6 km. 
Two grid connected systems were tested: with a water turbine and without. For the water turbine to exist an 
extra flow has to be pumped (increasing the pump power) during the night so that during the day there is 
enough water for the turbine. The system without a water turbine proved to be more cost-effective. The 
increase in pump power and consequent power source system increase proved not to be cost-effective when 
compared to a case with no water turbine. However, for different energy tariffs and hydro turbine cost the 
system with the water turbine can be cost-effective when compared with the system without. 
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INTRODUCTION 
This work has the objective of evaluating the economical viability of applying renewable energy 
sources to a water supply pump. A supply system in a Portuguese Village was simulated, both as a 
stand-alone and a grid connected system along with a deep well pump in Lusaka, Zambia. 
With the tendency of increase in oil price and the environmental concerns regarding the use of fossil 
energy sources, new solutions are being searched to replace the world’s dependency on this energy 
source (Ramos, 2000). In developed countries, environmental concerns have lead governments to 
establish goals on decreasing the use of fossil fuels, replacing it by renewable energy sources 
(Renewable Energy Focus, 2007, Ramos and Covas, 1999). In developing countries, renewable 
energy sources are being implemented in stand-alone systems. In large countries in which it is not 
economically viable to extend the national electrical grid to each farmer, stand-alone systems, such 
as PV powered pumps, are being installed in many farms, replacing the previously used diesel 
generator powered pumps (increase in diesel price and the high cost associated with the diesel 
motor maintenance have made this solution obsolete). 
Nowadays water pumps are getting more efficient consuming less energy. However, the water 
demand is increasing in both developed and developing countries. This increase in demand has 
overlapped the pumps efficiency improvements, forcing water companies to search for different and 
less expensive energy solutions for their water supply systems (SEREA, 2006, Ramos and Borga, 
2000). 
The fast evolution of some renewable energy sources such as photovoltaics and wind turbines is 
making both of these systems a cost-effective solution to apply to any kind of energy consumption 
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system. Wind energy is already highly developed being already able to compete with fossil sources. 
However, PV technologies are not yet able to compete with conventional energy sources. It is still 
dependent on financial or economical subsidies. Even so, it is believed that due to its high 
development rate PV source will be a cost-effective solution in the near future (Renewable Energy 
in Europe, 2006). 
There are two types of renewable power systems: grid connected and stand-alone. The stand-alone 
systems are very cost-effective for small loads (small power devices) and when the cost of 
extending the electrical grid is high. Grid-connected systems are usually cost-effective when the 
owner is able to sell the excess energy to the grid. In both cases the environmental gains are high 
(no polluting gases are expelled to the atmosphere). 
Solar water pumps are currently being used to irrigate crops, water livestock and provide drinkable 
water, generally as stand-alone systems. The solar pump produces the most water when needed the 
most (when the weather is sunny and dry). They can be installed in valleys and forest areas or other 
locations where wind exposure is poor. 
 
ADVANTAGES OF PV POWERED PUMPING 
Traditionally the water pumping technology of choice has been the wind pump. Wind pumps 
provide long lasting solutions with a quite simple technology which is easily understood and can be 
locally maintained. However, even wind pumps have become expensive to install and to replace 
(Pratical Action – Technology challenging poverty, 2006). 
Diesel water pumping is an attractive solution due to the large power range of the pumps and the 
availability of water when it is needed. It can pump water for different demands over the day. This 
technology is already highly developed and evolved. However recent increase of fuel price and an 
intense and skilled maintenance need of the diesel motor can make these systems a costly solution 
in the long run (Emde, 2004). 
These factors, along with PV technological development, have launched a new type of system 
configuration: the PV powered pumps. These systems can be composed of a battery bank (to supply 
energy when sunlight is not available) or a reservoir to store water. The battery is still a weak point 
due to the lack of reliability and reduced lifetime expectancy. The PV technology, as mentioned 
before, has a high development rate and is already very reliable, has good lifetime expectancy (25 to 
30 years) and needs very little maintenance. One of the strong points of solar powered pumps is its 
reliability. It usually requires little maintenance (3 to 5 years is the gap period between check ups). 
Pumps designed for these systems have a high efficiency allowing the decrease of solar array and 
therefore the upfront cost is lower. The most effective way to minimize the cost of solar pumping 
(and any other type of PV equipment) is to decrease the demand through flow control. Drip 
irrigation, lower water consuming toilets can reduce considerably the pumped water. 
It exists currently in the market solar pumps with different capabilities. Solar powered submersible 
pumps which can pump up to 200 m heads, and systems that are able to deliver at 100 m a flow of 
10000 l/day or at 50 m a flow of 20000 l/day (Emcon Consulting Group - Solar water pumping 
makes perfect sense, 2006). 
Although there is no limit to how large a solar powered pump can be, this configuration tends to be 
more cost-effective the smaller the pump is (when diesel engines are less economical). For example, 
the smallest solar pump requires less than 150 W and can lift water from depths exceeding 65 m at 
5,7 l/min. In 10 hours of sunny day it can lift 3400 litres which is enough for several families. 
Most of the currently existing PV pumps are used for village water supply, life stock watering and 
irrigation purposes. Although PV modules can be applied to all types of water pumps, the market 
offers pre-configured systems to only some of those types, presented in Table 1: 
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Table 1 Different types of PV powered pumps that already exist in the market (Pratical Action – Technology 
challenging poverty, 2006) 

Submerged multistage centrifugal motor pump set 
 
This is the most common configuration used. It can be used 
with an alternate current (AC) or a direct current (DC) motor. 
If an AC motor is chosen, an inverter has to be used as well. 
The PV array is usually less than 1500 Wp. 

 
Floating motor pump set 
 
This type of pump is more commonly used for irrigation 
pumping, for canals and open wells. It generally uses a DC 
motor and often the solar array support incorporates a handle 
or “wheel barrow”, type trolley to enable transportation. 

 

Submerged pump with surface mounted motor 
 
This configuration was widely installed in the Sahelian West 
Africa during the 1970’s. However this kind of installation 
offers poor efficiency due to power losses in the shaft 
bearings and it has a high cost of installation associated. This 
configuration is being replaced by the submersible motor and 
pump set.  
Reciprocating positive displacement pump 
 
This type of pump is very suitable for high head and low 
flow applications. The output is proportional to the speed of 
the pump. At high head, the frictional forces are low 
compared to the hydrostatic forces, making positive 
displacement pumps more efficient than centrifugal for these 
situations.  
Surface suction pump set 
 
This type of pump set is not recommended except when an 
operator is present for supervision. In practice self-start and 
priming problems are experienced. It is not possible to have 
suction heads of more than 8 meters 

 
 
METHODS 
To simulate the implementation of renewable resources on a supply system pump, two softwares 
were used: EPANET and HOMER. 
EPANET software performs extended period simulation of hydraulic and water quality behaviour 
within a pressurized pipe networks. A network consists of pipes, nodes (pipe junctions), pumps, 
valves and storage tanks or reservoirs. EPANET tracks the flow of water in each pipe, the pressure 
at each node, the height of water in each tank. With this software it was possible to determine the 
pump and the turbine’s flow and head. 
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HOMER is a micropower optimization model, that simplifies the task of evaluating designs of both 
off-grid and grid-connected power systems for a variety of applications. The user provides the 
model with inputs, which describe technology options, component costs, and resource availability. 
HOMER uses these inputs to simulate different system configurations, or combinations of 
components, and generates results that you can view as a list of feasible configurations sorted by net 
present cost. In Homer when the net present cost is negative it means that the system offers profits 
and vice versa. 
Some sensitivity studies were done. Variation in the village tank level (thus volume) means a 
variation in pump and water turbine’s power since more pumped water is needed to fill the tank and 
more water is available for the hydro turbine. Variation in the PV costs was done since it is 
common in some countries to have subsidies for these equipments, using a PV coefficient that 
multiplies by the average cost defined in HOMER for solar power. Sensitivity studies were also 
done to the pipes diameter (that influence the pump power), to the sellback rate (price at which the 
produced energy is sold to the national grid) for the grid connected system and to the national 
electrical grid price. 
 
To simulate the deep well pump case in Lusaka the software PVSYST was used. 
PVSYST is a PC software package for the study, sizing and data analysis of complete PV systems. 
It deals with grid-connected, stand-alone, pumping and DC-grid (public transport) PV systems, and 
includes extensive meteo and PV systems components databases, as well as general solar energy 
tools. 
 
CASE STUDIES 
 
Deep well in Lusaka 
A small study of a deep well supply system in Lusaka, Zambia was done using the preliminary 
sizing option of the software PVSYST4. 
The case considered was a supply system that would serve 10 families with a consumption of 100 
l/day each. The deep well was considered to have a depth of 100 meters. 
The software has a database of locations, including Lusaka. It was assumed a free horizon. 
After defining the system location it is necessary to specify the water needs and system 
configuration as shown in Table 2: 
 

Table 2 Deep well pump system inputs in PVSYST4 for a deep well located in Lusaka, Zambia 

Water needs )day/(m 1
1000

10010 3


 

Head 110 m 
Pipe length 112 m 
Pipe internal diameter 70 mm 
Pump technology DC positive displacement 
Power converter MPPT converter 
Pump layout Deep well 
Optimization on Winter (Oct. – March) 
Tilt 35º 
Azimuth 0º 

 
The head was defined assuming that the tank would be 10 meters above ground level, so the pump 
will need to give a head of 100 meters of well depth and an extra 10 meters for the water to get to 
the tank. The pipe length was assumed to be the 110 meters of needed head and an extra 2 meters 
for possible elbows and curves. 
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Results of Lusaka study 
 
When the results page is shown it comes with some predefined values for autonomy (that is 
depended on the tank volume) and required loss of load (that is the percentage of time in which we 
accept that the load is not satisfied). It was assumed autonomy of 6 days and a loss of load of 2%. 
For the conditions defined, the PVSYST4 software presented the system displayed in Table 3: 

 
Table 3 System configuration results for deep well pump is Lusaka, Zambia 

PV size (Wp) 195 
Pump Power (W) 154 
Investment cost (€) 3019 
Water cost (€/m3) 1,07 

Further information regarding sensitivity analysis can be found on the extended version of this 
work. 
 
Supply system of a Portuguese village 
The village demand and the supply system characteristics are presented in Table 4, Figure 1 and 2: 
 

Table 4 Water supply system characteristics 
Location Lisbon 
Pipe Length (m) 2999 
Darcy-Weibach Coefficient 0,0115 
Pump Efficiency 80 % 
Initial Point Elevation (m) 130 
Middle Point Elevation (m) 80 
Final Point Elevation (m) 170 

 

 
Figure 1 Supply system outline 

 
The water turbine is not shown in Figure 1. It only was tested for the grid connected system because 
only in this situation it is possible to sell the energy to the grid. 
The variation in pump and hydro turbine cost and power is presented in Table 7 further ahead in this 
paper. 
The village daily demand is presented in Figure 2: 
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Figure 2 Village daily water demand 
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System components  
The characteristics of the PV array are presented in Table 5: 

 
Table 5 PV array inputs in Homer software 

 

 
Homer offers a list of battery models (already containing its electrical information). The chosen 
battery is the largest present in the list - “Surrette 4KS25P” - that has a capacity of 7,6 kWh. This 
battery has a lifetime of 12 years. 
The converter transforms DC current in AC and vice versa. It has an average lifetime of 15 years 
and an efficiency of 90 % when performing as an inverter and 85 % efficiency when performing as 
a rectifier. 
 
The Homer software contains a list of wind turbines. The turbine chosen for this work was the 
Fuhrländer 250 (power curve can be found on company’s website). The average lifetime expectancy 
for a wind turbine is 25 years. The hub height used was 60 meter above terrain level 
For the water turbine it was assumed a lifetime expectancy of 25 years. The efficiency was assumed 
85 %. 
The system components costs are presented in Table 6 (PV course AEB020, 2007): 

 
Table 6 Components initial, replacement and opertation and maintenance cost (PV course AEB020, 2007) 

Component Initial cost Replacement 
cost Operation and maintenance cost (€/yr) 

Fuhrländer 250 250.000 (1000 €/kW) 0 12.500 (0,5 % initial cost) 
PV array 5000 €/kWp 0 50 €/kW (1 % initial cost) 
Converter 500 €/kW 500 €/kW 5 €/kW (1 % initial cost) 
Battery 200 €/kWh 200 €/kWh 2 €/kWh (1 % initial cost) 

 
The replacement cost is zero for the wind turbine and PV array because both of these components 
have lifetime expectancy equal to the project study period (25 years) (Wenham, 2007). 
The pump and turbine power and cost for different village tank sizes is presented in Table 7 (Ramos 
and Mello, 2007; Ramos and Almeida, 1999; Quintela, 2002 and Ramos et al, 2005): 

 
Table 7 Pump and hydro turbine power and cost  

Pump Hydro turbine 
Flow (l/s) Power (kW) Cost (€) Flow (l/s) Power (kW) Cost (€) 
16,72 12,69 67683,13 (N.A.) (N.A.) (N.A.) 
66,88 50,28 93632,00 20,70 8,62 25864,65 

79,73 62,42 100779,65 27,77 11,50 33336,64 

118,51 108,16 141010,42 51,04 20,39 57093,34 

157,30 169,57 169730,79 74,32 27,80 72268,77 

196,09 246,22 194786,87 97,59 34,01 81624,28 

234,87 346,70 207947,43 120,86 36,98 85061,27 

273,66 467,65 216630,92 144,13 37,98 87349,99 

 
Results of the Portuguese village study 
After simulating a stand-alone system and two grid connected systems (with and without a water 
turbine) the following results were obtained. 
 
 
 
 

Slope 53º (latitude plus 15º) 
Ground reflectance 0,2 
Azimuth 0º 
Lifetime 25 years 
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Stand-alone system 
For the stand-alone system it was necessary to input the cost of extending the national electrical 
grid. A value of 2000 € per km of extension was inputted. This value allows the software to 
determine the breakeven grid distance (the minimum distance at which the grid has to be from the 
system for it to be cost-effective). The results obtained are presented in Table 8: 

 
Table 8 Optimized system configuration and costs for average sensitivity values for a stand-alone system 

Number of wind turbines 1 
PV power (kWp) 30 
Battery (Nº/kWh) 110/836 
Converter (kW) 20 
Total Net Present Cost (€) 902692 
Cost of electricity (€/kWh) 0,774 
Breakeven distance to grid (km) 31,6 

 
The sensitivity study done for different pipe diameters showed that this variation has very little 
influence in the system configuration and costs. However, the variation in PV costs has a significant 
influence in the system. If the subsidies were up to 70 % (as it happens in some countries today) the 
breakeven grid distance would decrease to 10,1 km. 
Figure 3 displays the system configurations for different PV coefficients and pump power values: 
 

 
Figure 3 Power system configuration for different PV coefficient and load values with net present cost superimposed 

 
The pump power load is indicated in kWh/day instead of kW. For example, for a pump power of 
230 kWh and a PV coefficient (capital multiplier) of 0,4 (60 % of reduction in PV cost) the 
optimized system is composed of PV and battery (yellow area). For the same load, if the PV 
coefficient is 0,8 (20 % reduction in cost) the optimized system is then composed of wind, PV and 
batteries (green area). 
 
Grid connected system 
For the grid connected system the national electrical grid price was inputted in the software, as 
presented in Table 9: 

Table 9 National electrical tariff in Portugal 
 Summer Winter Price (€/kWh) 

Low consumption hours (LCH) 23h-9h 22h-8h 0,043 

Medium consumption hours 
9h-10:30 
12:30-8h 
22h-23h 

8h-9:30 
11:30-19h 
21h-22h 

0,073 

Peak consumption hours 11h-12h 
20h-22h 

10h-11h 
19h-21h 0,128 
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For the grid connected system without a water turbine, for a sellback rate of 0,078 €/kWh the 
optimized system was only composed of a grid connection. Therefore the following results refer to 
a sellback rate of 0,10 €/kWh when different types of energy sources are present (which is a 
reasonable value since the tendency is to increase in the future due to environmental policies). The 
results are presented in Table 10: 

 
Table 10 Optimized system configuration and cost for a grid connected system without a hydro turbine 

Number of wind turbines 6 
PV power (Wp) 0 
Battery (Nº/kWh) 0/0 
Converter (kW) 0 
Grid Annual Purchase (kWh) 22328 
Total Net Present Cost (€) -177220 
Cost of electricity (€/kWh) -0,005 
Percentage of renewable source (%) 98,7 

 
Also in this case the pipes diameter has very little influence in the system. The PV source is only 
present in the system if its cost is reduced in 70 % showing that PV is not yet developed enough to 
compete with conventional energy sources. Figure 4 displays the system configurations for different 
sellback rates and PV coefficients: 
 

 
Figure 4 Power system configurations for different PV multipliers and sellback rates with net present cost values 

superimposed, for a pump power of 227 kWh/d and current grid energy prices 
 
In the grid connected system with a hydro turbine the largest commercial pipe diameter was used to 
decrease friction losses (no sensitivity study was done on pipes diameters for this situation). The 
optimized system for a sellback rate of 0,078 €/kWh is composed of a hydro turbine and a grid 
connection. For simulations done regarding the village tank sizes, the most cost-effective solution 
obtained was for the smallest volume (smaller flow to pump and for the turbine). Therefore only 
this situation will be presented. To compare with the previous case, the results displayed in Table 11 
will also be for a 0,10 €/kWh sellback rate: 
 

Table 11 Optimized system configuration and cost for a grid connected system with a hydro turbine 
Number of wind turbines 6 
Hydro power (kW) 8,20 
PV power (kWp) 0 
Battery (Nº/kWh) 0/0 
Converter (kW) 0 
Grid Annual Purchase (kWh) 79780 
Total Net Present Cost (€) -82090 
Cost of electricity (€/kWh) -0,003 
Percentage of renewable source (%) 95,6 
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Figure 5 displays the system configurations for different sellback rates and PV coefficients: 
 

 
Figure 5 Power system configuration for different PV coefficients and sellback rates with net present cost values 

superimposed, for current grid energy prices and for a pump power of 50,28 kW 
 
As shown in Figure 5, the optimized system has different configurations and costs for different 
values of PV coefficients and sellback rates. 
 
CONCLUSIONS 
In both study cases the results obtained were promising. The application of solar and wind energy to 
supply systems is already a cost effective solution and it will most likely be a solution more used in 
the near future. 
Lusaka deep well pump 
The preliminary simulation done to study the possibility of a water supply system of a deep well in 
Lusaka, Zambia showed that these types of water supply systems could have a big positive impact 
in African economy and help the large number of population that do not have access to drinkable 
water. The system presented a quite low cost per cubic meter of water pumped which means that the 
system would easily be paid with a small price for the users for each cubic meter consumed. 
 
Supply system in Portugal 
After completing this work it was possible to conclude that a stand-alone system for a load this 
large (stand-alone systems are more cost-effective for smaller power systems) is still hard to 
implement since the breakeven distance is 31,6 km which is still a high value for a country this size. 
However, if subsidies were to exist or if the grid extension was to be more expensive or hard to 
realize due to terrain conditions, this configuration would be a very attractive solution. 
For the grid connected system without a water turbine, for an average sellback rate of 0,078 €/kWh 
it is still cheaper to have a simple grid connection with no other energy source. However, if the 
sellback rate increases to 0,10 €/kWh the optimized system is composed of different types of power 
sources. The system is then also composed of wind turbines and presents a negative net present cost 
(means the system is economically profitable). 
For the hydro turbine system, for a sellback rate of 0,078 €/kWh, the optimized system is composed 
of a water turbine (8,20 kW of power) and a grid connection. If this rate goes up to 0,10 €/kWh the 
system is then composed of hydro and wind sources along with a grid connection presenting also a 
negative net present cost. However this case revealed to be less profitable when compared with the 
system that does not have necessity to increase pump flow to consecutively turbine later. If the grid 
energy price is variable (cheaper in the low consumption period and more expensive in the rest of 
the day) or if the hydro turbine cost is less expensive, this system can be cost effective when 
compared with the system without a hydro turbine. 
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As it was possible to conclude, the PV source is still quite far from competing with the conventional 
sources of energy. However, it is believed that with its high development rate, solar energy will, in 
the near future, present itself as a highly competitive energy source. 
 
NOMENCLATURE 
PV – short term for photovoltaic; 
Wp – short term for watt peak. It is the photovoltaic power output under standard sunlight 
conditions; 
AC – Alternating current; 
DC – Direct current; 
Sellback rate – price at which the national electrical grid purchases the system excess energy; 
Percentage of renewable sources - the percentage of energy supplied by renewable sources (wind, 
solar and water); 
Net present cost - the sum in year zero of all discounted cash-flows (profits were considered as 
negative cash-flows and vice versa); 
Primary load - Pump power (kW or kWh/day) 
Breakeven grid distance - Minimum distance to the national electrical grid from which the stand 
alone system is cost effective 
Rectifier - device that transforms AC into DC; 
Inverter – device that transforms DC into AC; 
PV coefficient – value between 0 and 1,0 that multiplies by the PV initial investment and operation 
and maintenance cost; 
Loss of Load (LOL) – the percentage of time the power system does not supply the water pump due 
to lack of resources (sunlight or wind); 
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