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Fig. 13 Simulated and measured field flowrates as a function of their PV powers
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Fig. 14 Measured field flowrate and curve-fitting results as a function of measured PV power

(c) transferring the data from the data logger to the
laptop computer;

(d) time-series graphical display of the physical mea-
sured data;

(e) production of ASCII-files. The data handling pro-
cess is summarized in Fig. 6.

4.3 Validation results

The laboratory tests of pumping head as a function of
flowrate at 50 Hz frequency were used to generate a
complete dataset using a second-order least-square
fit, implemented in Component Type 101. Figure 7
shows the measured data points and the generated
curve; a good fit can be observed between the mea-
surements and the fitted curve. Data points of pump

efficiency as a function of flowrate at 50 Hz frequency
are shown in Fig. 8. The measurements were used
to generate a complete dataset using least-square fit
implemented in Component Type 101. As can be seen
in Fig. 8, a good fit can be observed between the mea-
surements and the fitted curve. A regression through
measured field data for well system head and flowrate
(Fig. 9) gives equation (5)

h = hst + 0.054 01Q2 (5)

hst was found to be 24 m. h is the total head in metres,
which is defined as

h = pw

ρg
(6)
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Fig. 15 Simulated and measured field flowrates as a function of measured PV power for a
summer day
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Fig. 16 Simulated and measured field flowrates as a function of measured PV power for a
winter day

Figure 10 presents simulated data and laboratory mea-
surements for system frequency as a function of PV
power. As can be seen in this figure, the model pre-
dicts the system frequency accurately over the most
frequent operating range (one-quarter to full load). At
low input PV power of less than one-quarter the load,
the model overestimates the system frequency by a
maximum deviation of 1.5 per cent.

Simulated and measured flowrates as a function of
system frequency are shown in Fig. 11. Good agree-
ment is observed over the complete range of oper-
ations between measured and simulated flowrates.
However, at a zero flowrate, the pump may rotate but
the input power is not sufficient to overcome the total
pumping head; the water column may rise up to a

certain height but not to the surface. Measured and
simulated frequencies at which water starts reaching
the surface were found to be 33 and 33.7 Hz, respec-
tively, with a 2 per cent deviation. Figure 11 also shows
the system operating point if connected to the pub-
lic grid or a diesel generator where frequency is fixed
at 50 Hz approximately. As can be seen in this figure,
the model accurately predicts system performance at
50 Hz.

One of the main aims of Component Type 101 is
to predict the water output flowrate as a function of
the input power. Figure 12 shows simulated data and
laboratory measurements of flowrate as a function
of PV power. It can be seen that the model predicts
laboratory-measured flowrate accurately. Figure 13
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Fig. 17 Comparison between simulated and measured field PV powers
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Fig. 18 Difference between simulated and measured PV power versus simulated PV power

shows simulated data and field measurements of
flowrate as a function of PV power. Good agreement
is attained at high power inputs. However, at low input
PV power, deviation between simulated and measured
flowrates is observed.

To evaluate the model’s accuracy, it is required to
compare a complete year of predicted data with a com-
plete year of measured data. However, it is difficult
to have continuous operational data for a complete
year because the system is turned off when the stor-
age tank is full and thus may give zero flowrates
at some sunny periods. To avoid zero data points,
available measurements for flowrate as a function

of PV power were curve-fitted. The second-order
polynomial curve shown in Fig. 14 provided a good fit
with an R2-value of 0.99. For a complete year, the sys-
tem delivered 35 052 m3 of water. The model-predicted
value was 35 967 m3. The absolute and relative dif-
ferences between simulated and measured data are
915 m3 and 2.6 per cent, respectively. Maximum devi-
ation between predicted and measured data occurs at
an input PV power of less than 750W, which is around
one-quarter of the full load power. Data available for
values below this power value have been analysed
separately, revealing the fact that the accumulated
measured water volume is only 0.38 per cent of the
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total annual amount and resulting in a negligible error
of −0.66 per cent. Figures 15 and 16 compare mea-
sured and simulated water flowrates as a function of
PV power for representative sample days in summer
and winter, respectively.

Figure 17 shows the simulated and measured PV
powers over 3 years, with the difference between these
simulated and measured values being shown in Fig. 18.
For the available measured data, the average differ-
ence between simulated and measured PV powers
was found to be a 9.4 per cent overestimation. The
measured data do not represent the whole 3 years
owing to interruptions that occurred when the storage
tank being full or the system was turned off. Therefore,
interpolations of data were carried out by using curve
fitting to provide a complete 3-year dataset. The dif-
ference between the simulated data and data with
interpolations for a whole year was found to be 5.7
per cent. The latter value would represent a reasonable
estimation of the accuracy of the model employed.

5 DEVIATION BETWEEN FIELD MEASUREMENTS
AND SIMULATED RESULTS

Variations between measured field data and simulated
results may be attributed as follows.

1. Dust deposition on the surface of the PV modules
studied in operation under real conditions reduces
power output, relative to the type and thickness of
dust particles [17]. In some cases, PV modules were
cleaned whereas in other cases, they were not. Garg
[18] reported that light transmission was reduced
by 30 per cent for glass, owing to dust accumula-
tion, after 30 days of exposure. Nimmo and Seid [19]
observed degradation of PV efficiency by 40 per cent
after 6 months of dust accumulation. El-Shobokshy
and Hussein [20] concluded that a reduction in
the short circuit current by 82 per cent and in
the power output by 84 per cent occurred when
atmospheric dust particles accumulation reached
250 gm−2.

2. Different types and quantities of dust accumulated
on the pyranometer and the PV modules.

3. Mismatch may occur between the shapes of the
current–voltage curves of the modules in the array
owing to variations in manufacturing [10].

4. Static head may vary with time of operation, owing
to geological characteristics of the aquifer. This
occurs particularly when the water discharge rate
is greater than water recharge rate of the well.

5. Spectral and reflection losses in PV modules [10].

6 CONCLUSIONS

New TRNSYS models to simulate the water pump-
ing subsystem, the water storage tank, and the water

desalination unit were developed. The model has 45
parameters, and 19 inputs were required to achieve
satisfactory performance. It has 65 model outputs that
allow for comprehensive analysis of the performance
of each component. It simulates the following: grid-
connected, diesel-powered, and PV-powered water
pumping systems; constant voltage tracking, voltage
frequency modulation, and maximum power point
tracking algorithms; variable inverter frequency with
variable motor efficiency, variable inverter frequency
with constant motor efficiency, and constant inverter
frequency with variable motor efficiency algorithms;
and a reverse osmosis water desalination unit that can
use the PV power unutilized by the water pumping
system.

Models that consider the system to have a con-
stant pumping head can produce erroneous predicted
behaviour. The model developed emulates the actual
pumping head curve and uses numerical methods
to find the intersection working points between the
head–flowrate curves of the pump and the well system.
For simplicity, manufacturers’ performance curves for
motors and pumps can be used to obtain data required
by the model instead of requiring theoretical motor
parameters (as in other models) that are neither avail-
able in standard manufacturers’ data sheets nor read-
ily obtainable experimentally. Previous models have
considered infinite water storage tank capacity. In the
actual situation, the tank has finite storage, and it was
found, from field data analyses, that this issue is signif-
icant in PV water pumping systems applied in remote
areas. The model developed during this work consid-
ers a storage tank as a component in the system and it
calculates water deficit, water surplus, and the unused
PV energy by the water pumping systems for each hour
and the accumulated values for any concerned period
of time. The model also calculates the hourly and the
accumulated unused part of the PV energy due to the
system reaching its maximum capacity limit.

© Authors 2010
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APPENDIX

Notation

A0 zero-order coefficient of the pump
head–flowrate curve (m)

A2 second-order coefficient of the pump
head–flow curve (s2/m5)

C4 second-order coefficient of the well
system head–flowrate profile
(s2/m5)

DW water deficit flowrate (m3/h)
DW, A accumulated water deficit (m3)
E0 zero-order coefficient of pump

efficiency curve (per cent)
E1 first-order coefficient of pump

efficiency curve (per cent s/m3)
E2 second-order coefficient of pump

efficiency curve (per cent s2/m6)
E3 third-order coefficient of pump

efficiency curve (per cent s3/m9)
Error error and/or warning messages (0, 1,

2, 3, 4)
f frequency (Hz)
F total friction loss coefficient

(s2/m5)
g acceleration due to gravity (m/s2)
G in-plane global insolation (same plane

of the PV array) (W/m2)
GT total incident insolation on inclined

plane (W/m2)
h, H total pumping head of the well system

and total pressure head of the pump
(m), respectively

hst well static head (m)
L lowest permitted water storage capacity

in tank (m3)
m0 zero-order coefficient
m1 first-order coefficient
m2 second-order coefficient (W−1)
N pump frequency (Hz)
NMAX maximum pump frequency (Hz)
PHYD hydraulic power of the pump (W)
Pinv inverter output power (W)
PINV,R inverter output power when maximum

pump frequency is exceeded (W)
PLOSS unused PV power when storage tank is

full and pump is turned off (W)
PLOSS, A accumulated PLOSS (MJ)
PM,G motor output power when electric grid

is used (W)
PM,R motor output power when maximum

pump frequency is exceeded (W)
PMECH mechanical motor power used by

pump (W)
Pm−inp motor input power (W)
Pm−out motor output power (W)
PNMAX surplus part of PV power is not used by

the system when maximum pump
frequency is exceeded (W)

PNMAX, A accumulated PNMAX (MJ)
PPV PV power (W)
PPV,IN PV power used by inverter (W)
PPV,M maximum PV power (W)
PPV,R PV power when maximum pump

frequency is exceeded (W)
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PPV,VT PV power at voltage tracking
condition (W)

PREQ power required by the pump to start
water delivery to surface (W)

Pw water pressure (N/m2)
Q pump flowrate (m3/h)
QB brine from both QPLOSS and QPNMAX

(m3/h)
QBLOSS brine flowrate when PLOSS is used

(m3/h)
QBNMAX brine flowrate when PNMAX is used

(m3/h)
QLOSS predicted flowrate of discarded water

when tank is full (m3/h)
QLOSS, A accumulated QLOSS (m3)
QOUT water flowrate used by the demand side

(m3/h)
QP permeate flowrate from both QPLOSS and

QPNMAX (m3/h)
QP,A accumulated QP (m3)
QPLOSS permeate flowrate when PLOSS is used

(m3/h)
QPLOSS, A accumulated QPLOSS (m3)
QPNMAX permeate flowrate when PNMAX is used

(m3/h)
QPNMAX, A accumulated QPNMAX (m3)
QR required raw water flowrate to produce

QPLOSS and QPNMAX (m3/h)
QRLOSS required raw water flowrate when PLOSS

is used (m3/h)

S storage tank maximum capacity (m3)
SW potential surplus water flowrate when

tank is full (m3/h)
SW,A accumulated surplus water volume

(m3)
TA ambient temperature (◦C)
TV water volume in tank (m3)
V0 minimum inverter voltage for inverter

equation Vinv = V0 + V1 f (V )
V1 first-order coefficient for inverter

equation Vinv = V0 + V1 f (V Hz−1)
Vinv inverter voltage (V)

ηinv inverter efficiency (per cent)
ηm motor efficiency (per cent)
ηM,R motor efficiency when maximum

frequency is exceeded (per cent)
ηp pump efficiency (per cent)
ηp,r maximum pump efficiency at rated

conditions (per cent)
ηpv operational PV cell efficiency

(per cent)
ηsub subsystem efficiency (per cent)
ηsub,R subsystem efficiency when maximum

frequency is exceeded (per cent)
ηsys operational system efficiency (per cent)
ηsys,R maximum system efficiency

considering rating conditions
(per cent)

ρ water density (kg/m3)
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