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a b s t r a c t

Maturity of the photovoltaic (PV) technology is emphasized by the numerous types of applications
encountered nowadays. One of the most interesting applications, however, is the use of PV units for
pumping water, i.e. the implementation of PV pumping systems (PVPSs) in order to cover both irrigation
and potable water needs, especially in remote areas where connection to the local grid is not always fea-
sible. To further establish the utilization of such systems, the performance of a typical PVPS is currently
examined. For this purpose, both the efficiency of the system and the ability to transfer water are deter-
mined. Detailed measurements provided by a series of experiments are used, while for increased reliabil-
ity of the results presented, an error analysis is accordingly carried out. Finally, from the results obtained,
one may argue that a similar PVPS not only comprises an environmentally friendly solution but also con-
tributes substantially to the satisfaction of remote communities’ water consumption needs.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

During the last years, photovoltaics (PVs) have been used in var-
ious applications worldwide, either as grid-connected power sta-
tions or as stand-alone power systems that provide remote
consumers with another alternative renewable energy solution
[1–5], on top of wind-based configurations [6–8]. Regarding re-
mote consumers, PV pumping systems (PVPSs) suggest one of the
most interesting and potentially cost-effective applications [9–
11], used for covering both irrigation needs [12] and potable water
supply, including also the prospect of desalination [13,14]. More
specifically, there are several authors arguing [15,16] that such
PV-based systems often appear to be more attractive than the solu-
tion of grid extension (construction cost varying between 8000 and
12,000 €/km), especially in areas where ground water and high so-
lar irradiance are available.

In this context, the use of PVPSs in rural and remote areas of
developing countries with similar characteristics has been consid-
ered by various researchers and authorities [17–21], emphasizing
on the fact that such applications may achieve social and economic
development of the local population by solving both water irriga-
tion and domestic water consumption problems. However, there
are several remote areas of the developed world that may also ben-
efit from the utilization of PVPSs. For example, most of the small
ll rights reserved.

: +30 210 5381467.
and medium-sized Aegean Sea Islands of Greece present serious
water shortage problems [22,23], especially during summer, with
a considerable number of remote consumers lacking access to elec-
tricity and constant water supply [24]. On the other hand, these
areas possess remarkable solar potential, thus the application of
a PV-based installation is an interesting option.

Meanwhile, although gradual establishment of PVPSs is well
demonstrated by the time evolution of installed power worldwide
[25] (counting almost 10,000 PVPSs installed until 1993, reaching
60,000 by 1998 and doubling in the meantime) and the ongoing re-
search efforts for performance improvement [26], by examining
the performance of such a system [27,28] on the basis of experi-
mental measurements produces valid conclusions and reflects its
actual ability to contribute to the life quality improvement of
several remote consumers. In this context, the present work inves-
tigates the performance of a typical PVPS, using detailed experi-
mental measurements in order to calculate the respective round-
trip efficiency of the entire installation and also estimate the water
quantity that the system can uplift on a daily basis.
2. Description of the proposed solution

2.1. Main components of the installation

For the experimental simulation of a typical PVPS installation,
the PV pumping unit currently used is operating in the Soft Energy
Applications and Environmental Protection Lab of TEI of Piraeus
[29] (Fig. 1) and is based on:
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Fig. 1. Experimental PV-pumping unit.
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i. A PV generator of 12 panels (maximum power of every panel
51 Wp), properly connected (6 in parallel and 2 in series) to
feed the charge controller with the voltage required
(P24 V).

ii. A lead acid battery storage system with a total capacity of
400 Ah, operation voltage of 24 V and maximum discharge
capacity of 200 Ah (or equivalently maximum depth of dis-
charge equal to 50%).

iii. A DC/DC charge controller of 1 kW rated power.
iv. A small water pump of nominal power ‘‘Pp’’ equal to 100 W,

with the corresponding maximum head ‘‘H’’ being 70 m
while the volumetric flow rate ‘‘Q’’ varies between 5 l/min
and 7.5 l/min.

v. A water reservoir of 0.5 m3 volume capacity along with the
appropriate piping for water transportation to either a solar
collector for the production of hot water or other water loads
that must be covered.

vi. The control panel of the installation (incorporating also the
charge controller), where majority of measuring instru-
ments/indications are concentrated in two panels (main
and secondary).

vii. Other measuring instruments such as pyranometers, ther-
mometers and flowmeters along with a PC unit and a data
logger used to monitor and record the required measured
information.

More precisely, the PV unit consists of two independent PV ar-
rays of poly-Si with a total of 12 ‘‘LA361-K51S’’ PV panels involved.
The PV panels are south oriented, while their tilt-angle may be ad-
justed in a range between 0� and 90�, thus enabling the experimen-
tal study of the PV performance under different operational
conditions. In order to measure the available solar irradiance,
two ‘‘Li-Cor’’ pyranometers are utilized. Based on the design of
the experimental installation, the first pyranometer is placed hor-
izontally while the second is fitted coplanar on the PV-panels in or-
der for the instrument to have the same tilt-angle and orientation
with the panels, while solar irradiance measurements are also
available from a nearby solar radiation experimental station [30].
Finally, the temperature values of both the PV panels’ surface
and the ambient can also be measured via properly adjusted ther-
mometers (Fig. 1).

Regarding the storage of the electrical energy produced, the sys-
tem includes four closed-type lead-acid batteries (12 V, 200 Ah)
characterized by slow discharge rates and high depth of discharge
(DODL = 50%). The batteries are connected in sets of two, first in
series and next in parallel, therefore providing an output voltage
of 24 V, available to the consumption. As far as the charge control-
ler is concerned, a twofold operational purpose supports the con-
troller’s internal operation as a charge controller in series and
the corresponding external as a ‘‘Shunt’’ controller device. Regard-
ing the electrical loads satisfied by the operation of the unit, they
are connected to the respective switches, placed on a direct voltage
electric panel (secondary panel) of 24 V DC.

Finally, the water pumping system employed is comprised by a
water storage tank of 500 l and a ‘‘Shurflo 9300’’ submersible pump
of 24 V DC. The water pump, placed inside the tank, in the interior
of the Soft Energy Applications and Environmental Protection Lab,
is used to pump water to the building roof in order to mainly feed
the solar collectors to cover the Lab’s hot water requirements or to
cover other water transfer needs. Note also that the water pump is
activated by an appropriate current relay, placed on the secondary
electric panel as well.
2.2. Measuring devices of the installation

Using the above described installation, one may also present in
Fig. 2 the respective electric and hydraulic circuit, illustrating the
system main devices and measurement indication points that en-
able the user to obtain the following experimentally measured
quantities:

1. The solar radiation at the PV panels’ surface ‘‘Gt(W/m2)’’ and the
respective temperature ‘‘hc(�C)’’, along with the PV generator’s
output, i.e. the generator current ‘‘IPV(A)’’ and the generator
voltage ‘‘UPV(V)’’.

2. The battery’s electrical quantities, i.e. the battery voltage
‘‘Ub(V)’’ and the charging current ‘‘Ich(A)’’, along with the load
current ‘‘IL(A)’’ satisfying the loads of the installation.

3. The flow rate of the pumped water ‘‘Q(l/min)’’ and the resulting
head ‘‘H(m)’’ that the pump must meet.

More precisely, in the existing system – as already mentioned –
the solar radiation is measured using two pyranometers of Li-Cor
type with a given accuracy (systematic and random errors) of
±1.5%, while data of solar radiation and surface temperature of



Fig. 2. Electric–hydraulic circuit of the PV-pumping installation and measurement points.
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the PV panels, is all collected on a minute basis for the entire day
period.

The output of the PV generator, i.e. the generator current and
voltage, is measured using an analogue DC ammeter and an ana-
logue DC voltmeter, with measurements shown on the main con-
trol panel (although in the electrical plan instruments are placed
where measurements are actually taken). Apart from these two
instruments, there are six more ammeters measuring the currents
of the six pairs of panels connected in series with measurements
again appearing in the main control panel, thus giving also the
opportunity to compare all the panels’ current measurements at
all times. Note that the total error of all these measurements does
not exceed ±2.0%.

Accordingly, the battery’s electrical quantities are measured
using the charge controller of the system. The charge controller
measures the battery voltage, the charging current and the load
current, with an accuracy of ±2.0%. These numerical values are
both digitally displayed and forwarded to a nearby computer using
the data logger and the software provided by the manufacturer.
Although the charger is also able to provide an approximate value
of the battery’s state of charge, these values are not included here.

Furthermore, the flow rate of the water pump is measured by an
appropriate (LoFlow) tube flow meter, using a variable area flow
measurement on the basis of the movement of a ball or a float.
Note that the measurements are provided in l/min and the total er-
ror introduced does not exceed ±2%, while the flow meter is placed
on the tube transferring the pumped water and is vertically
mounted on a nearby wall in order to operate properly. Finally,
the head ‘‘H’’ that the pump needs to satisfy is a function of the
fixed geodetic head ‘‘h’’ and the hydraulic energy losses of the pip-
ing system.
3. Calculation procedure on the basis of experimental data

As already mentioned the current experimental analysis aims to
investigate two important topics. First, to estimate the total
(round-trip) efficiency of a similar PVPS on the basis of experimen-
tal data and accordingly to calculate the total water quantity
pumped at a given elevation using the solar potential of the area
during a typical summer day.

In this context, the solar energy available on the PV panels’ sur-
face ‘‘Esol’’ for a specific time period ‘‘Dt’’ is given as:

Esol ¼ Ac �
Z toþDt

to

GT � dt ð1Þ

where ‘‘Ac’’ is the PV generator surface and ‘‘GT’’ is total irradiance
(direct and diffuse), measured at the PV panels’ surface.
Accordingly, the PV panels’ energy output ‘‘EPV’’ during the same
time interval can be expressed as:

EPV ¼
Z toþDt

to

IPV ðGT ; hcÞ � UPV ðGT ; hcÞ � dt ð2Þ

where ‘‘hc’’ is the temperature of the PV panels’ surface [31,32],
while ‘‘IPV’’ and ‘‘UPV’’ are the PV-generator current and voltage val-
ues. Using Eqs. (1) and (2) one may estimate the efficiency ‘‘gPV’’ of
the PV generator used, i.e.:

gPV ¼ EPV=Esol ð3Þ

At the same time, the energy stored in the system battery ‘‘DEb’’
during the time period under investigation may be estimated by
using the following relation:

DEDt
b ¼ CbþDt � UbþDt � Cb � Ub ð4Þ

where ‘‘Cb’’ is the battery capacity and ‘‘Ub’’ is corresponding voltage
value.

Finally, the dynamic energy of the uplifted water (elevation dif-
ference ‘‘h’’) is given as:

Ew ¼ q � g � h � Vtot ð5Þ

where ‘‘Vtot’’ is the total water volume stored at an elevation differ-
ence of ‘‘h’’ during the time period ‘‘Dt’’, ‘‘q’’ is water density and ‘‘g’’
is gravity acceleration.

Applying the energy balance equation for the configuration of
Fig. 1, one gets:

EPV ¼ Ew þ DEb þ dEloss ð6Þ

where the ‘‘dEloss’’ component includes the losses in the system ca-
blings (from the PV panels to the battery and from the battery to the
pump motor), the system charge controller losses, the battery self-
consumption, the motor’s armature resistance energy consumption
and the water pump losses.

Using the above analysis one has the opportunity to estimate
the total efficiency of the installation by comparing the dynamic
energy of the water stored with the available solar energy at the
PV panels’ surface as:

gtot ¼ Ew=Esol ¼ gPV � gBOS � gp � gh ð7Þ

Thus one may express the total efficiency of the system as the
product of the PV panels’ efficiency ‘‘gPV’’, the water pump effi-
ciency ‘‘gp’’, the hydraulic energy efficiency ‘‘gh’’ of the water trans-
fer system and the efficiency (losses) of the balance of system
components (BOS) ‘‘gBOS’’ (i.e. charge controller, control panel, bat-
tery bank and wiring). Note that the hydraulic energy efficiency of
the installation is defined as:



Table 1
Estimated random errors (relative percentage) for each measuring instrument of the system.

Analogue Digital

Ammeter Voltmeter Ammeter Voltmeter Pyranometer Flowmeter

Relative random error (%) 0.32 0.20 0.32 0.20 0.10 0.50
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Fig. 3. Typical local summer day solar radiation profile.

Fig. 4. Battery voltage measurements in relation with the battery state of charge
(SOC) during the charging period.
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gh ¼ h=H ¼ h=ðhþ f � Q 2Þ ð8Þ

with ‘‘f’’ being the total hydraulic loss coefficient [33], ‘‘Q’’ being the
volume flow rate of the installation and ‘‘h’’ being as already men-
tioned the geodetic head or elevation that the pump is called to sat-
isfy. In cases that the water flow volume transferred is relatively
small and the water transportation system is carefully designed
one may assume that gh � 1.0, thus Eq. (8) is written as:

g0tot ¼ gPV � gBOS � gp ð9Þ

Note that Eq. (9) neglects the hydraulic energy losses of the instal-
lation and can be used as an evaluation criterion of the equipment
used (PV-panels, charge controller, battery bank, electrical motor,
water pump and cables).

Finally, for the estimation of the total water volume stored dur-
ing a given time period ‘‘Dt’’ one may use the following equation:

Vtot ¼
Z toþDt

to

Q � dt ð10Þ

Recapitulating, using Eqs. (1)–(10) one has the opportunity to
estimate, on a pure measurements’ basis, both the energy effi-
ciency of the installation and the total water volume transferred
at a given elevation difference.

4. Experimental data: Analysis and discussion

In order to examine the operation and performance of the PVPS,
a series of experiments were carried out using the existing exper-
imental facility. The first category of experiments, not currently
analyzed in detail, concern the performance of the installation
components and the estimation of the accuracy of the measure-
ment apparatus. In this context, one can estimate the random error
of all the devices described in Section 2, on the basis of numerous
measurements carried out, see also Table 1.

Regarding the second category of experiments, information is
provided in respect of the total efficiency of the installation and
the water quantity pumped on a daily basis. To obtain the neces-
sary data, the experimental procedure currently described was fol-
lowed. Initially, although the corresponding limit is 50% (i.e. DODL

= 50%), the system batteries were discharged to their DOD = 40%
point for security reasons. Then the PV generator was operated
for 1 day without any load consumption, hence allowing the bat-
teries to fully charge (DOD = 0%) by using the available solar en-
ergy. During the charging phase, the available solar radiation, the
PV-generator output as well as the battery charging current and
voltage were all measured. Subsequently, the PV panels were dis-
connected from the system batteries and the entire energy content
of the battery bank was used to pump water at a given elevation
(no additional loads) until the DOD value reached the correspond-
ing initial state of charge value (i.e. SOC = 60%). Finally, in addition
to the battery’s voltage and the load’s current, the flow rate of the
water pumped was also measured during this second phase.

Using the above described experimental procedure, one may
find in Fig. 3 the solar irradiance values versus time for a selected
typical summer (mid-July) day. According to the data gathered one
may state that the measured values correspond to the profile of so-
lar radiation for a typical summer day, while some remarkable
scattering is recorded between 8:30am and 11:45am, attributed
to the increased cloudiness at the experiments’ area.

During the same period, one may find in Fig. 4 the measured
battery voltage as a function of the battery SOC. According to the
information provided there is an abrupt voltage increase of more
than 1 V at the beginning of the charging phase, i.e. as the SOC in-
creases from 60% to 65%. Then, the battery voltage increases almost
linearly up to SOC = 85% and then remains practically constant
(26 V) until the battery is fully charged. The opposite behavior of
the battery voltage is encountered during the water pumping stage
(Fig. 5) since the battery voltage starts to decrease slightly up to
DOD = 25%, and then rapidly in the area of DOD = 30%, resulting
to a value of 23 V at DOD = 40%. At the same period, the water
pump flow rate drops from 6.5 l/min to 5.75 l/min (Fig. 6), mainly
due to the corresponding input power drop of the electrical motor
of the water pump.

In order to evaluate the accuracy of the experimental results
one should take into account both the systematic errors induced
by the measurement devices used and the random errors resulting
by the entire measurement procedure [34]. The estimated random
error values of the procedure applied are given in Table 1. Accord-
ingly, one should estimate the errors of the calculated parameters
(e.g. the PV-generator efficiency), resulting by the combination of
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Fig. 5. Battery voltage measurements in relation with the battery depth of
discharge (DOD) during the discharging period (water pumping mode).
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Fig. 7. Diurnal distribution of the photovoltaic generator power output.
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measured values of the primary variables, i.e. solar irradiance, PV-
generator current and voltage, since one may write that:

gPV ¼ f ðGT ; IPV ;UPV Þ ð11Þ

Using the general error transfer theory [34], the following
expression can be applied:

r2
g ¼

@g
@GT

� �2

� r2
G þ

@g
@IPV

� �2

� r2
I þ

@g
@UPV

� �2

� r2
U ð12Þ

where ‘‘rx’’ is either the random ‘‘e’’ or the systematic ‘‘S’’ error of
the variable ‘‘x’’, while the corresponding total error ‘‘etot�x’’ may
be given by the following equation:

etot�x ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
e2

x þ S2
x

q
ð13Þ

Using the data of Fig. 3 (concerning the experimental values of
one summer day) and Eq. (1) along with the pyranometer total per-
missible error corresponding to the instrument accuracy, the corre-
sponding solar energy at the PV panels’ surface is approximately:

Esol ¼ 38;448� 1153 Wh

Accordingly, taking into account the PV generator current and
voltage measurements one may estimate (Eq. (2)) the diurnal dis-
tribution of the PV generator output (Fig. 7), hence the daily energy
output results as:

EPV ¼ 3013� 151 Wh

On the basis of the results obtained and the error transfer anal-
ysis of Eqs. (12) and (13), the daily-mean efficiency of the experi-
mental PV generator (Eq. (3)) is estimated as:

gPV ¼ 7:84� 0:62%;
Flow Rate of Pumped Water vs. Depth of Discharge
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Fig. 6. Water pump flow rate measurements in relation with the battery depth of
discharge during the discharging period (water pumping mode).
i.e. an acceptable value for a typical summer day since the corre-
sponding capacity factor ‘‘CF’’ value defined as:

CF ¼ EPV=ð24 � PPV Þ ð14Þ

with ‘‘PPV’’ being the peak power of the PV-generator (610 W), ap-
proaches 21% on a daily basis. Note that the slightly increased error
(�0.62%) concerning the PV generator efficiency is due to the utili-
zation of three separate instruments during the experimental
procedure.

Subsequently, taking into consideration the water flow rate val-
ues of Fig. 8 as well as Eqs. (5) and (10), the dynamic energy of the
water elevated at 30 m (i.e. the elevation that the pump has to
meet in the specific experimental installation) is calculated to be:

Ew ¼ 1858� 37 Wh

In this context, the efficiency of the entire installation is esti-
mated (Eq. (7)) as:

gtot ¼ 4:83� 0:24%;

Summarizing, one may note that according to the experimental
analysis of a typical PV-water pumping configuration the total effi-
ciency of the installation approaches 5%, i.e. a quite acceptable va-
lue [12,25], if one takes into account the fair efficiency of the quite
outmoded PV-panels used (�8%) and the average efficiency of a
small commercial water pump (�60%). Finally, by using Eq. (6)
and noting that the energy stored to the battery term is practically
zero during the current experiment (i.e. DEb = 0), one may equally
well estimate the sum of the other losses of the installation, i.e.:

dEloss ¼ 1155� 127 Wh

In order to obtain a more clear cut picture of the entire energy
transformation efficiency of the PVPS under investigation, one may
Flow Rate of Pumped Water vs. Time
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Fig. 9. Sankey diagram of the experimental PV-pumping installation.
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demonstrate in Fig. 9 the corresponding Sankey diagram, where
one can see -on a daily basis- the input solar energy, the energy
output of the PV-generator as well as the final energy transferred
to water.

The second target of the current experimental analysis concerns
the water quantity transferred at 30 m elevation. Using the de-
tailed measurements of Fig. 8, the PV-based installation has the
ability to uplift considerable water quantities, i.e.:

Vtot ¼ 22;357� 445 l

representing the daily water consumption of almost 230 remote
consumers, assuming 100 (l/cap) average daily water consumption
per cap. Thus, according to the calculation results the utilization of a
small PV-generator of only 610 Wp may safely cover the water de-
mand needs of a remote community of approximately 200 persons,
elevating water at 30 m height.

5. Conclusions

The proposed work analyzes the behavior of an experimental
PV-based water pumping installation using detailed measure-
ments, while for increased reliability of the results presented a sys-
tematic error analysis is carried out. On top of these, the necessary
analytical calculation frame concerning the performance and the
water quantities transferred is developed from basic principles
and accordingly applied in order to estimate the energy efficiency
of the PVPS.

Among the most interesting findings of this research is that by
using only a 610 Wp PV generator one has the ability to serve more
than 200 remote consumers, providing them with their daily water
quantities required. Furthermore, the proposed PVPS operates with
relatively low electrical losses (in the order of 10%), hence the total
energy efficiency of the installation is mainly governed by the PV-
generator efficiency and secondly by the performance of the water
pump. Finally, the total solar energy utilization degree (round-trip
efficiency) of the PVPS under evaluation is almost 5%, i.e. a reason-
able value since the relatively outmoded PV panels’ average effi-
ciency hardly approaches 8%.

Recapitulating, from the experimental-based results obtained,
one may conclude that a similar PVPS is an attractive, environmen-
tally friendly application of low maintenance needs that may
significantly contribute to the satisfaction of a typical remote com-
munity’s water consumption needs.
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