Hindawi

Journal of Solar Energy

Volume 2018, Article ID 8471715, 12 pages
https://doi.org/10.1155/2018/8471715

Hindawi

Research Article

Dynamic Modelling of a Solar Water Pumping
System with Energy Storage

Shatadru Biswas @ and M. Tariq Igbal ©

Department of Electrical & Computer Engineering, Faculty of Engineering ¢~ Applied Science,
Memorial University of Newfoundland, St. John’s, NL, Canada

Correspondence should be addressed to Shatadru Biswas; sbb278@mun.ca
Received 19 October 2017; Revised 4 December 2017; Accepted 17 December 2017; Published 8 April 2018
Academic Editor: Sundaram Senthilarasu

Copyright © 2018 Shatadru Biswas and M. Tariq Igbal. This is an open access article distributed under the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.

This paper describes the dynamic modelling of a system used for extraction of groundwater for irrigation using an alternative
source of energy. The system is designed based on data of an existing project in Lalmonirhat, Bangladesh. The system comprises
a 38.4 kWp solar photovoltaic array, inverter, AC motor, and pump set, which can discharge a maximum of 1,930 m® of water per
day. MATLAB simulation is performed with two types of energy storage system: (i) electric energy using a battery bank and (ii)
stored water in a large water tank. A large battery bank and a transformer are needed in the former one, which turns out as a costly
solution. The latter one requires a boost converter and a large water tank to store around 2,000 m® of water, which is also a costly
solution. A combination of both systems yields an efficient and economical solution. The effectiveness of these three systems is

compared with conventional diesel engine system.

1. Introduction

Bangladesh is an agriculture-based, densely populated devel-
oping country and its 35 percent of GDP comes from agricul-
ture sector [1]. Around 59 percent of cultivable land needs
irrigation because monsoon based cultivation cannot meet
the challenges as described by Khan et al. 2014 [2]. Irrigation
is needed to produce rice, the main crop of Bangladesh,
during the dry season (January to May). Above 85 percent of
the cultivable land is under ground water irrigation system;
the rest is under surface water irrigation system [3]. Generally
electric power (where available) and diesel engine (in off-
grid areas) are used for irrigation. Moreover, only 53 percent
of the population has access to electricity. There are 1.71
million pumps in Bangladesh: 83% diesel operated and 17%
electrically operated [3]. Bangladesh has to import billions
of liters of diesel to run these pumps. In this situation, solar
irrigation pumps may be an alternative for irrigation in the
i : enormous solar
1 (Figure 1). It is

situated between 20.30° and 26.38°N and 88.04° and 92.44°E,
with an average solar radiation of 4.0 to 6.5 kWh/m?/day and
in bright sunshine 6.0 to 9.0 KWh/mz/day [4].

Hossain et al. 2015 [5] stated that, according to the
baseline survey, only 150 solar pumps existed in Bangladesh
in 2010. Among them, 65% pumps were used for supplying
drinking water and only 35% were used for irrigation pur-
pose. They also stated that in Bangladesh small scale solar
pumping system is available which ranges from 300 Wp to
1190 Wp and discharge capacity was 2000 to 80,000 L/d. They
addressed the main problem that, in Bangladesh, panel cost
was the major cost (45%) in solar irrigation system followed
by installation (18%), motor (16%), pump (10%), and pipes
and fittings (4%). Moreover, PV pumping system requires
high capital cost, water storage for cloudy weather, and skilled
personnel, as mentioned by Abu-Aligah 2011 [6].

Arrouf and Ghabrour 2007 [7] used buck-boost converter
in the Simulink model for smooth operation. Malla et al.
[8] designed a battery-less PV system in MATLAB/Simulink
and described the control strategies. They adopted MPPT
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FIGURE 1: Global horizontal solar radiation.

(Maximum Power point tracker) in their system. This paper
represents dynamic simulation of battery-based and battery-
less solar water pumping system for irrigation.

According to Arrouf and Ghabrour 2007 [7], the tech-
nology of solar cell is growing fast. Gopal et al. 2013 [9]
stated that solar photovoltaic water pumping systems are the
most widely used renewable energy source water pumping
system for irrigation and domestic use. Abu-Aligah 2011 [6]
also stated some advantages of solar PV system: unattended
operation, low maintenance, easy installation, and long life.
In this situation the Government of Bangladesh is promoting
alternative sources of energy to meet the energy deficiency.
Many governmental and nongovernmental organizations are
encouraging people to go with renewable sources of energy.
Bangladesh Government is giving subsidies for alternative
energy projects. Many solar irrigation pumping system sites
exist in Bangladesh.

A lot of organizations are coming forward to finance
large renewable energy projects. Grameen Shakti is one of the
nongovernmental organizations which has installed a large
solar irrigation pumping system (SIPS) to irrigate a consid-
erable land area in Bangladesh. Sherpa Power Engineering
Limited provides the technical support. The project name is
Grameen Shakti-Gorol or GS-Gorol project which is situated
in Gorol (Kamlartari), Kaligonj, Lalmonirhat, Bangladesh
(26°N, 89.28°E). The dynamic modelling of a solar irrigation
pumping system with storage is performed based on this
reference site.

The main objective of this paper is to look at the expected
variation in the bus voltage and pump speed after a dip-
in solar radiation and temperature. This paper will also try
to achieve an optimum solution between battery-based and
battery-less solar irrigation pumping system.

2. Literature Review

Loxsom and Durongkaveroj 1994 [10] developed an algo-
rithm to estimate the monthly water discharge of a battery-
lesspPVpwaterngpumpinggsystempusinggnonlinear relation
between the pumping rate and insolation. This algorithm

reduces the amount of computation which was required for
hourly simulation. The algorithm could estimate the annual
performance of a PV pumping system within 2%-4% of the
result. Cuadros et al. 2004 [11] proposed a computer program
to design a PV installation for irrigation which consists of
three stages, that is, irrigation requirement, hydraulic analy-
sis, and PV power requirement. Their aim was to introduce a
design procedure that considers the above criteria before any
PV pumping installation. Glasnovic and Margeta 2007 [12]
developed a mathematical model to acquire an optimal PV
system by considering not only water demand or irradiance
but also including natural process, that is, climate, hydrol-
ogy, boreholes, pumping system, irrigation, agriculture, and
power supply. The system used dynamic programming to
achieve optimal size. Arrouf and Ghabrour 2007 [7] modelled
and simulated a pumping system fed by a PV generator in
MATLAB/Simulink. The system included PV generator, DC-
DC converter, DC-AC converter, asynchronous machine, and
centrifugal pump. They simulated each part of the system
separately under specific condition and the result satisfied
their expected values. Gad 2009 [13] proposed a computer
simulation program to predict the performance of a PVDC
system using solar irradiance data for three different tilt
positions all over the year. The calculated PV array efficiency
ranged from 13.86% (winter) to 13.91% (summer) which is
larger than the specified efficiency (13%) by tender. Malla et al.
2011 [8] designed a stand-alone PV water pumping system
without battery storage in MATLAB/Simulink. The system
consists of Perturb and Observe (P&O) algorithm based
MPPT (Maximum Power Point Tracker) for improving effi-
ciency. He described the control strategy to regulate the water
discharge for a single induction motor as well as multi-
induction motor. Harishankar et al. 2014 [14] proposed a
controlled irrigation system in which the outlet valve of the
tank was automatically regulated using controller and mois-
ture sensor to control the flow rate of the water from the tank
to the irrigation field to optimize the use of water.

Anis and Nour 1994 [15] designed a PV powered
pumping system based on switched-mode operating sys-
tem. He also analyzed the interdependence of the system
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parameter. According to Chandel et al. [16] DC or AC
submersible/surface mounted/floating motor-pump sets are
suitable solar PV pumping system. Argaw [17] concluded that
PV arrays can be configured from V-I characteristic of a single
cell and required rated power for the motor/pump. Pande et
al. 2003 [18] proposed a PV water pumping model to ensure
uniform irrigation in arid regions using Openable Low Pres-
sure Compensating (OLPC) drippers and manual tracking.
Abu-Aligah 2011 [6] designed a direct coupled, battery-based,
grid connected photovoltaic system. Benghanem et al. 2013
[19] studied the performance among four different PV array
configurations for a deep well using helical pump. Two of
them gave the optimum energy to lift water. Senol 2012 [20]
studied small and medium size mobile solar PV power station
for drip irrigation. He considered two different scenarios: (i)
PV station used by a single farmer with maximum discharge
of 18 m’/d and it had water storage and (ii) PV station used by
four farmers with maximum water discharge of 52 m*/d and it
had no water storage. Abul Hasnat et al. 2014 [21] proposed a
hybrid solar irrigation. The pump was fed by bot solar PV
array and grid electricity.

According to Anis and Nour [15] increasing the water
tank size is more economical than increasing both array and
battery size. Hoque [22] concluded that for consecutive three
seasons’ irrigations, the unit cost of water is cheaper in case of
PV water pumping system comparing with diesel engine sys-
tem. Abu-Aligah 2011 [6] did the cost and reliability analysis
between PVDC and diesel engine system and PVDC system
turned out as more reliable system. He also did the Life Cycle
Cost (LCC) analysis for a period of twenty years and found
that the solar energy system was cheaper although the initial
cost was high for it. Senol 2012 [20] performed economic
analysis for three different cases: (i) no subsidy, (i) 50%
subsidy (not including PV module cost), and (iii) 50% subsidy
(including PV module cost). The investigation proved that
PV powered pump is preferable. Abul Hasnat et al. 2014 [21]
concluded that hybrid solar irrigation was more feasible than
solar irrigation project as payback period decreases about
five to seven years. According to him, before five years of
operation, LCC is lower for diesel engine, but it became
lower for solar PV pump after five years of operation. He
also suggested that investment in solar pump is more prof-
itable and risk free than diesel engine operated irrigation
system.

Hamidat and Benyoucef 2008 [23] found that DC engine
with a positive displacement pump is more efficient and
discharges more water than AC engine with a centrifugal
pump for a wide range of total dynamic head. Mokeddem et
al. 2011 [24] monitored the performance of a small direct cou-
pled DC photovoltaic water pumping system at different test
conditions by varying irradiance and operating voltage for
two different static heads. He found that the system is suitable
for low delivery flow rate application. Katan et al. [25]
showed that the performance of a PVDC system could be
increased by using MPPT and Sun tracker. Khan et al. [26]
suggestedgthatpusinggagbuckyconvertergpwould ensure the
smooth operation but not increase the cost of the system.

Abu-Aligah 2011 [6] compared the effectiveness between solar
PV and diesel engine system. Abul Hasnat et al. 2014 [21]
found that operating time increased and idle time decreased
for a hybrid irrigation system.

A comparison of energy storage methods and detail
dynamic modelling of solar water pumping system is missing
in literature. We present detailed analysis of battery-based
and battery-less systems and expected transients in a system
using MATLAB/Simulink dynamic simulations.

3. Methodology

The aim of this paper is to observe the response in pump
speed and bus voltage with the change in irradiance and
temperature. For this purpose, dynamic model of solar
irrigation pumping system with energy storage was built in
MATLAB/Simulink environment. A solar irrigation pump-
ing system consists of solar Photo Voltaic (PV) array, inverter,
motor-pump set, and storage system. A photovoltaic (PV)
module is the assembly of a number of electrically connected
solar cells which are mounted on a frame whereas an
array can be formed by wiring multiple modules together.
PV modules produce direct-current (DC) electricity and
any required voltage and current combination is possible
by connecting them in both series and parallel electrical
arrangements. A solar inverter or PV inverter is an important
component of a PV system which converts the variable DC
output of a PV solar panel into utility frequency alternating
current (AC current). The AC power is used to run a motor-
pump set ground water extraction. The motor and pump
are connected through a shaft. Then the water is stored in
a tank for irrigation purpose. There are two types of storage
system; energy storage in batteries and water storage in large
tank. As PV panel does not work at night and efficiency
becomes lesser during cloudy weather, the storage system is
designed for one- or two-day back-up. System sizing was
carried out by HOMER (Hybrid Optimization and Multiple
Energy Recourses) as well as hand calculation. Dynamic
model of the system was designed in MATLAB Simulink
(MATLABR2016b) on the basis of HOMER optimization
result. The PV array gets the irradiance and temperature
values from a signal builder. Here, in this paper, two different
dynamic models are demonstrated using different storage
system types: battery-less system and battery-based system.
The irradiance and temperature data are selected in such
a way that both will drop for a fraction of second due to
clouds and become the same as before when clouds move
away. For battery-less system, a boost converter is needed to
increase the voltage level. The system will be able to store
water in a large tank for one-day usage. The battery-based
system consists of a small transformer instead of a boost
converter to increase the voltage level and a MPPT for better
performance. This paper proposes a solar irrigation pumping
system with both battery storage and water tank. Feasibility
analysis among these three and the diesel operated engine
would reveal the best solution. Sensitivity analysis would
investigate how the costs vary along with change in load
demand and irradiance.
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TABLE 1: System component.

System component
PV [kW] 38.4 (310 Wp each)
Battery storage [No] 60 (12'V, 200 Ahr each)
Inverter [kW] 20.7

Rating

Daily profile
20 : VYP :

15

10 4

Load (kW)

0 6 12 18 24
(Hour)

FIGURE 2: Daily load data.

4. Sizing Using HOMER

Sizing estimation for the system was done using HOMER
(Hybrid Optimization and Multiple Energy Recourses). Daily
load data was calculated from the site data of the selected
project (Figure 2).

Figures 3(a) and 3(b) show the selected solar irradiance
and temperature data for the selected site.

The feasible combination from HOMER optimization is
stated in Table 1.

Total Net Present Cost (NPC) of the system calculated by
HOMER is $156.773. The levelized Cost of Operation (COE)
is $0.442/kWh and total operating cost is $4,245/yr. The
economic cost breakdown is shown in Table 2 and Figure 4.

As June to September is the rainy season in Bangladesh,
the recorded solar irradiance becomes lower in these months.

So, the produced electricity would be lower in these
months. Figure 5 shows the monthly average electric produc-
tion of the system.

The system can produce total 52,804 kWh energy per
year and the AC primary load consumption is 100%
(39,110 kWh/yr). The excess electricity is around 15.2%
(8,043 kWh/yr).

The PV output ranges from 7.2 kW to 28.8 kW mostly dur-
ing the run time. Although the rated capacity is 38.4 kW, the
mean output is about 145 kWh/d with the capacity factor of
15.7%. If 310 Wp panel is used in the system, total number of
panels becomes 124. Figure 6 will give a clear idea about the
PV output.

Minimum state of charge for the battery storage was
decided as 40%. The frequency histogram in Figure 7 shows
that the frequency of being 100% state of charge is around 40%
and the monthly statistics in Figure 8 implies that the state of
charge remains lower in the months from June to September.

A 20.7kW inverter was selected to convert the DC
photovoltaic output into AC unit. The mean average output

i 4.5 kW wi i tor of 21.6%. The
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5. System Sizing

The system was designed to lift maximum of 1930 m® of water
per day (in the month of October) with average discharge of
241.25m’/h.

5.1. Estimation of Total Dynamic Head (THD). Figure 10
demonstrates a water tank based solar water pumping system.
From Figure 10, Elevation Head = (12 + 3) m = 15m.

Friction head loss: the system is using 8-inch (0.2m)
diameter pipe to supply around 1700,000 liters water per day.
The system has three standard elbows and a gate valve. So, the
friction head loss for fitting will be (1.6 + 0.11) = 1.71m.

Frictional head loss for pipe, using Hazen-Williams For-
mula is (0.28 + 0.16) m = 0.44 m.

Total frictional head loss = (1.71 + 0.44) m = 2.15m.

We can conclude that total dynamic head = Elevation
Head + Friction Head Loss = 15 + 2.15 = 17.15m.

5.2. Pump Size. The needed hydraulic power of the pump is

_ Qpgh  241.25x1000 x 9.8 x 17.15
" 3600 x 1000 3600 x 1000 )
= 11.26kW,

where Q is volumetric flow of water through the pump
(241.25m>/h), p is water density (1000kg/m?), g is gravity
(9.81m/s?), h is total head of the liquid (1715 m).

5.3. Motor Size. The induction motor power is

P, 11.26
P =% ="_"""-15013kW. 2
" 0.75 2)

My,

Induction motor-pump efficiency, n,,, is assumed as 75%.

5.4. PV Panel. The system is designed to run for only eight
hours during day time (8 a.m.-4 p.m.).

Pump use = (15013 x 8) = 120,104 Wh/day.

To estimate the needed PV energy, total watt hour per
day is multiplied by 1.3 (system loss) and divided by panel
generation factor (4.32 for India).

PV energy needed = (120,104 x 1.3) = 156,135.2 Wh/
day.
Total Watt power of PV = (156,135.2/4.32) = 36,142.407
Wp.

We are using 310 Wp module.
Number of PV panels = (36,142.407/310) = 116.59.

The selected panel is 72 cell panels and number of panels
connected in series in each string is two. As a result, the bus
voltage is 48 V.

Number of strings = 59.

5.5. Inverter. The inverter capacity is selected as 21kW (40%
bigger than the motor size).
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TaBLE 2: Economic cost breakdown.
Component Capital (US$) Replacement (US$) O&M (USS$) Salvage (US$) Total ($)
PV 55,242 4,977 1,876 -2,318 59,777
Battery storage 42,000 21,513 0 554 62,960
Inverter 14,003 3,193 1,174 —-410 17,959
Other 7,000 0 9,077 0 16,077
System 118,245 29,683 12,127 -3,282 156,773
Global horizontal radiation Ambient temperature
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FIGURE 3: (a) Irradiance; (b) temperature.
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FIGURE 5: Monthly average electric production.

5.7. Water St Tank Equivalent to Battery St
5.6. Battery Storage. For one-day back-up, needed battery arer otorage fank Squivatent to Battery storage

bank ampere hour = (120,104/48) = 2502.17 Ahr.

From HOMER, number of battery strings = 15.
00Ahr and nominal

Total watt hour = (48 x 200 x 15) = 144,000.
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Total volume of water needed to be stored in the water
tank,

m (kg) — 144000 3600
= 1715 x9.81 3)

= 3.081 x 10° kg or 3081 m”.

To store 3.081 x 10° kg or about 3081 m> of water, we need at
least 3081 cubic meters or 3100 cubic meter water tank. As The
height of the tank is already decided, either we need to build a
large rectangular tank (40 m x 26 m x 3m) or a cylindrical
tank of around 18 m radius.

6. Dynamic Simulation

Dynamic model for solar irrigation pumping system for both
battery-based and battery-less systems was built in MATLAB
Simulink. Both models were simulated for same input data of
irradiance and temperature.

6.1. Battery-Less System. In the battery-less system, a boost
converter was used to increase the voltage level from 48 V to
460V to run the induction motor to lift ground water. A
three-level bridge converter was used as inverter to convert
the DC component into AC component. This system consists
of a large water tank which can store around 3100 m’ of water
and a limited integrator was used to indicate the tank water
level. 38.4 kWp solar array provided the energy needed to run
the model. Figure 11 demonstrates the dynamic model of a
battery-less solar irrigation pumping system.

6.2. Battery-Base System. Figure 12 shows the dynamic model
of a battery-based solar irrigation pumping system. A MPPT
trucker was used here to operate the system at maximum

int. A i o convert the DC
hase transformer
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Inverter

:[3 m
Water tank

4m
< —f

L]

12m

Submersible pump ——

FIGURE 10: Block diagram of the water tank storage system.

was used instead of a boost converter to increase the voltage
level to run the motor. A large battery bank of capacity
3000 Ahr was used to store energy for further use. In this
system, the same water tank (as in battery-less system) was
kept to measure the volume of extracted water.

7. Result and Analysis

71. Sensitivity Analysis. Sensitivity analysis of solar irrigation
pumping system was carried out during HOMER optimiza-
tion with 10% variation in load (119 kW/d, 107 kWh/d, and
131kWh/d) and irradiance (4.52kWh/m?*/d, 4.07 kWh/m®/d,
and 4.99 kWh/m?/d). Figure 13(a) demonstrates how the total
NPC (Net Present Cost) fluctuates with the variation of
irradiance and load. For lowest and highest load demand, the
total NPC decreases linearly with the increase of irradiance.
In case of 119 kWh/d load demand, the NPC falls sharply as
irradiance goes higher.

However, the Cost of Energy (COE) is the same for any
voltage demand at highest irradiance level as in Figure 13(b).
However, for lowest irradiance level, the COE is the same for
119 kWh/d and 131kWh/d. The COE of lowest and average
load demand become the same when the solar PV modules
get average irradiance.

Figure 13(c) shows the similar relationship to Figure 13(a).
Operating costs are almost similar for lowest and average
load demand at average irradiance. For average load demand,
there is a hike in operational cost at lowest irradiance, but it is
not true for 107 kWh/d load demand.

7.2. Simulation Result Analysis. Simulation was done for both
dynamic models in MATLAB Simulink. For battery-based
system, simulation was done for two seconds and five seconds
for battery-less system (each simulation required many hours
of computer operation).

7.2.1. Battery-Less System. PV module voltage and current at
maximum power point are 35.8 V and 8.68 A accordingly. As
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the selected panel is 72 cell panels and two is the number of
panels connected in series per string, the bus voltage should
be 48V. Total number of strings is 62. Figure 14 shows the
irradiance, temperature, diode current, PV voltage, and PV
current.

Boost converter increased the voltage PV voltage level.
V_dc denotes the boosted-up dc voltage in Figure 15. I ac
and V_ac indicate the converted ac current and voltage
accordingly.

Figure 16(a) demonstrates the rotor speed (rad/sec). The
motor is running at full load and the rotor speed becomes
187 rad/s or 1785.72 r.p.m which was expected.

Figure 16(b) shows the water discharge (m?/s) and tank
water level (m). The average water discharge during five
seconds of simulation was 0.05 m*/s or 180 m*/h. If the system
i i i ill be able to lift

to the estimated

value. During the first five seconds, the water level in the large
water tank (40 m x 26 m x 3 m) reached 1.74e* m. After eight
hours of operation, the tank water level would reach at least
1 m and volume of lifter water per day would be 1040 m®.

7.2.2. Battery-Based System. The number of strings in PV
module remains the same for battery-based system; else a
small transformer and a MPPT (Maximum Power Point
Tracker) are used here instead of a boost voltage. Figure 17
shows the irradiance, temperature, diode current, PV voltage,
and PV current.

Figure 18 shows DC voltage, DC current, and duty cycle of
the MPPT tracker. The voltage was 48V as expected. The
value duty cycle was 0.45.

The battery voltage, current, and state of charge are
demonstrated in Figure 19. Battery state of charge remains at
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FIGURE 13: (a) Sensitivity analysis based on NPC; (b) sensitivity analysis based on COE; (c) sensitivity analysis based on operating cost.
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FIGURE 14: PV module components.

60% (initial state of charge was decided as 60%) as the model
was run for only two seconds. As the battery was discharging,
the direction of current was negative. Battery voltage was the
same as nominal voltage (48 V).

The inverted AC voltage and current are denoted by AC
voltage and AC current in Figure 20 which are output voltage
and current. The transformer secondary current and voltage
are denoted by current and voltage accordingly.

The rotor speed of induction motor was 186rad/s or
1776.17 r.p.m, similar as battery-less system shown in Fig-
ure 21(a). Figure 21(b) demonstrates the water discharge (m?/
s) and tank water level (m). Water discharge was also the

> 80 m’/h. In case
was kept similar

500 F~

500 bic s
0.61 0.62 0.63 0.64 0.65 0.66 0.67 0.68 0.69 0.7 0.71

Time

FIGURE 15: AC and DC voltage and current.

(40 m x 26 m X 3m) to measure the volume of total amount
of lifted water.

During the first two seconds of simulation, the tank water
level reached 4.24e™> m. After eight hours of operation, the
tank water level would reach at least 0.6 m and volume of
lifter water per day would be 634.4m>. The excess energy
would be stored as electrical form in battery storage.

8. Effectiveness Analysis

Effectiveness of the alternative systems was compared from
economic point of view. The project lifetime was decided
as 25 years. The economic comparison was done among
four alternatives: battery-less system, battery-based system,

www.manaraa.com



Journal of Solar Energy

200
150 +
100 +
5O L.
0
0 0.5 1 1.5 2 2.5 3 3.5 4
Time
— (w)
—— Water discharge
—— Tank water level

()

FIGURE 16: (a) Rotor speed; (b) water discharge and tank water level.
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FIGURE 17: PV module components.
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combination of both, and diesel engine system based on total
cost. All categories were simulated in HOMER to obtain the
most feasible solution of each group. Present market price
(US$) of each component of each group was selected sepa-
rately as the system elements are different from each other.

Figure 22(a) shows the total cost at the very beginning of
the project (first year) while Figure 22(b) demonstrated the
total cost of the project for twenty-five years of operational
period.

Total cost of the diesel engine system is lowest for one-
year operational period, but it is the worst solution for longer
period. Moreover, diesel operated englne will cause pollution
out the emission

0
-0.05
0 0.5 1 1.5 2 2.5 3 3.5 4
Time
— (w)
—— Water discharge
—— Tank water level
(b)
200 T
1 P e I N
oL — (Voltage (V)
=200
—400 k
-600
0.37785 0.3779 0.37795 0.378 0.37805 0.3781 0.37815
Time
FIGURE 19: Battery storage.
500 F T T T T T
‘1 W | ‘ ’ |
0 IIIII i ‘..nﬂlll\lll,‘H
"”Wlll\ Jiii ”' H “wn LU l’:
500 by T
0.34 0.345 0.35 0.355 0.36 0.365
Time
—— ACvoltage —— Voltage
—— AC current ~—— Current
FIGURE 20: System output voltage and current.
TABLE 3: Emission.
Pollutant Emission (kg/yr)
Carbon dioxide 44,566
Carbon monoxide 110
Unburned hydrocarbons 12.2
Particulate matter 8.29
Sulfur dioxide 89.5
Nitrogen oxides 982

Although the cost difference between the battery-less and
battery-based system is higher on first year of the project, the
difference decreases strongly for a period of 25 years because
there is no replacement cost for water tank. The replacement
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FIGURE 21: (a) Rotor speed; (b) water discharge and tank water level.
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FIGURE 22: (a) System cost for one-year period; (b) system cost for twenty-five year period.

cost of battery storage needs to be considered. Combination
of both consists of a smaller water tank, half of the tank
size used in battery-less system and a battery storage of
1400 Ahr. Total cost of this combination lies between the
cost of battery-less and battery-based system at the very
beginning, but it becomes the cheapest solution for 25
years of period. Combination of both storage systems is the
reasonable solution because it can store energy in electrical
form and store some water for any emergency.

9. Discussion

The main objective of this paper was to develop dynamic
models for both battery-less and battery-based system to run
a motor-pump set using solar energy to lift ground water
for irrigation purpose. Sizing was done for battery-based
system in HOMER which was also validated using hand
calculation. Water tank equivalent battery storage was also
ifferent dynamic
demonstrate the

battery-less and battery-based system. Simulation was done
for a very short time: 5 seconds for battery-less system and
2 seconds for battery-based system since a longer duration
needed many days of computer time. The rotor speed was
187 rad/s (1785.72 r.p.m) for battery-less system and 186 rad/s
(1776.17 r.p.m) for battery-based system which matched the
expected results. The water discharge rate for both systems
was 0.05 m?>/s or 180 m>/h. After eight hours of operation, the
stored water fills only one-third volume of the large water
tank. The dynamic simulation and sizing estimation using
HOMER encouraged going with the combination of battery
storage and water storage system. Economic analysis based
on total cost was done for all alternatives: battery-less system,
battery-based system, combination of both, and diesel engine
system. The analysis was done for two different time periods:
first year of installation (one year) and twenty-five years of
operational period. For longer operational period, diesel
operated engine is the costliest solution and the combined
storage system is the most economical solution. Feasibility
analysis from economic point of view helped in finding out
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the reasonable solution among four alternatives. Sensitivity
analysis shows the variation of total NPC, COE, and operat-
ing cost with the variation of +10% load and irradiance. For
lowest load demand, costs (NPC, COE, and operational cost)
and irradiance have negative relationship. Total NPC, COE,
and operating costs show hike at lowest irradiance in case of
average load demand. All costs are always higher for highest
load demand.

10. Conclusions

Renewable energy system offers an alternative way for sus-
tainable development of a country. This project indicates
that the solar water pumping system can be integrated to
irrigation systems in Bangladesh as it is feasible solution for
longer period. For twenty-five years of life cycle, solar PV
system will cost half of the diesel engine operated system.
Combination of both battery storage and water tank is the
economically feasible solution to meet the irrigation chal-
lenges faced during dry season.
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