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Background: Dynamics in rainfall patterns are posing a threat to crop production in Uganda. Irrigation can be used
to ensure constant production; however, the motorized powered irrigation methods are quite costly to run in addition
to being environmentally unsustainable. There is thus need for alternative irrigation methods. Renewable energy
sources which are readily available can be used to power irrigation systems. This study hence sought to design an
appropriate wind-solar hybrid system for irrigating 1 acre of banana plantation in Kalangala district, Uganda.

Methods: Using metrological data, mean wind speed and monthly solar irradiance of global radiation horizontal for
the district were analysed. A wind-solar hybrid system was optimally designed for a standalone drip irrigation system of
450 banana plants on 1-acre land with water requirement of 33.73 m* d™'. The wind turbine was simulated to analyse
for static pressure, cut plane flow behaviour, turbulence intensity and stress distribution exposed at 20m s~ wind
speed. A cost analysis was done to estimate the total project investment, maintenance and operational cost, annual
project gross income, net income stream and the annual net real rate of returns.

Results and conclusions: The simulation results showed that the system could effectively operate at speeds of 20 m
s~ without deformation. The net present value of income stream for the first 5 years at r= 5% was 12,935,468 UGX
with a net real rate of return of 3.5% per year. The study will, therefore, be a useful guideline in making investment

decisions in hybrids irrigation systems.
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Background

Over 78% of Uganda’s population engage in agriculture
[1] hence making it a backbone of the country’s economy.
However, climate change/variability has continued to
affect crop and livestock production making these eco-
nomic ventures unreliable. Irrigation has the potential to
solve problems of water and food security arising from cli-
mate change impacts [2]. However, irrigation requires
both energy and water to operate. Water and energy are
two interdependent sectors with a predicted 40% increase
in energy demand leading to a 30% increase in water de-
mand [3]. These high energy demands hence make irriga-
tion adoption limited economically especially to the
majority of smallholder farmers who earn less than a
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dollar per day. To combat this challenge of over-reliance
on the conventional grid and motorized pumps for irriga-
tion, renewable energy irrigation pumps are gaining
importance [4]. There is a growing trend to explore alter-
native renewable energy sources in Uganda, apart from
hydropower, to boost the growing industrial sector. Solar
and wind water pumping is a promising alternative to
Uganda’s convection diesel or petrol and electricity water
pumping systems [5]. This is because the country has an
equatorial climate characterized with abundant sunshine
and moderate wind speeds. Further industrial develop-
ment will be attributed to reliable and high-quality energy
sources and this will constitute a substantial increase in
quality of life for Ugandan citizens [6].

Developing and adopting environmentally sound renew-
able energy technologies will aid in modernizing agriculture
and improving the livelihoods of vast Ugandans [5]. How-
ever, due to the dynamics of renewable resources, use of
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any particular renewable energy resource system as a stan-
dalone may lead to in operation during some time of the
day and seasons and unnecessary operational and lifecycle
costs, as well as components oversizing. These limitations
can be overcome by combining two or more renewable
energy resources in the form of a hybrid system [7], such as
a photovoltaic system and a wind turbine [2]. A hybrid sys-
tem has the advantage of improved reliability and gives bet-
ter energy service when compared to a standalone supply
system [2, 7]. Designing renewable energy hybrid systems
involves sizing and selecting the best components to pro-
vide affordable, efficient and effective renewable energy [2].

Hybrid systems utilizing wind and solar energy have
been designed for irrigation systems [2, 4], rural electrifi-
cation [7] and wastewater treatment [8], and they have
proved to be cost-effective and efficient. The population
of Kalangala district was estimated at 54,293 people in
2014 growing at 3% per year [9]. The biggest part of
Kalangala district is un-electrified due to its isolated lo-
cation on an island and low economy, but presents it
with an opportunity to use renewable energy technolo-
gies. Extension of utility grid lines to most remote and
non-electrified areas experiences problems like; high
capital investment, high lead time, low load factor, poor
voltage regulation, and frequent power supply interrup-
tions [10]. Therefore, a hybrid power system that is cost-
effective, none polluting and reliable was proposed to
mitigate the scarcity of electricity for crop irrigation in
Kalangala district. However, there is scanty scientific in-
formation on the utilization of solar-wind hybrid systems
to meet irrigation energy requirement in Uganda. Thus,
the main objective of this study was to access the poten-
tial and viability of a wind-solar hybrid drip irrigation
system using Kalangala district as a case study.

Methods

Kalangala district headquarters are located at a latitude -
0.32 and 32.29 longitude [11]. The district has a perimeter of
387 km with a total area of 9066.8 km® of which water covers
95%. Majority of the population is involved in clustered fish-
ing along the shores of Lake Victoria. The district can only
be accessed by ferries which were provided by the Ugandan
government and local boats, as there are no bridges linking
the islands to the mainland. Fishing, tourism and palm oil
production by BIDCO oil refinery (U) Limited are the main
revenue generators of the district. Although the district has
got good climate conditions, some crops are greatly affected
during the prolonged drought from the month of January to
March, thus the need for irrigation to maintain a constant
flow of water to crops throughout the year.

Data analysis
Okou [11] analysed Kalangala district solar and wind
data of 4 years obtained from the metrological station

Page 2 of 18

of National Agricultural crop Resource Research Insti-
tute (NACRRI). In his analysis, he obtained the high-
est average wind speed over the 4 years which was
2.2ms > at 10m. The months of February to April
and June to July registered the highest wind speeds
ranging from 3.22ms > to 8 ms > December to Janu-
ary registered the lowest wind speeds of 0.4ms™> to
09ms > He also stated that “the wind speed was
highest from 9:00 am to 6:00 pm due to the prevalent
south-east (SE) wind and lowest at night and early
morning from 12:00 am to 8:00 am due to the dom-
inant west-south-west (WSW) wind”. From his find-
ings, the average solar flux was 167.49 W m™>
averaged over the 4 years. He stated that the solar ir-
radiance of Kalangala was greatest between 11:00 am
to 3:00 pm although the area received radiation for
11h (from 7am to 6 pm) with an average solar flux
of over 300 Wm™? solar radiation per day. In this
study, Kalangala metrological data for a period of
8 years 2010 to 2018 at a height of 10 m was ob-
tained from [12] and analysed. From the analysis,
2010 and 2018 recorded the highest wind speeds
(Fig. 1). The wind speed was highest in the months
of July and August at 11.95ms™* and 10.12ms™" re-
spectively for the year 2010 and at 11.53ms™' and
11.24ms™" for the months of October and July re-
spectively in the year 2018 [12]. The highest wind
speed was from 10:00 am in the morning to 5:00 pm
in the evening. The wind speed reduced at night and
early morning. According to weather Spark [13], the
average hourly wind direction in Kalangala district
varies throughout the year and is from the south for
7.2 months January 28 to September 3, with a peak
percentage of 79% on July 3. Figure 1 shows the aver-
age annual Kalangala district wind speed of 8 years.

From Fig. 1, the highest mean speed was in the year
2018 at 5.27 ms™". This was, therefore, used as the wind
design parameter for this study. Figures 2 and 3 show
Uganda’s global horizontal Irradiation and Kalangala dis-
trict annual average solar irradiation for 8 years from
2010 to 2018 respectively. It is noted that the highest
mean annual solar irradiation from 2010 to 2018 was
10.03 kWh recorded in the year 2013. Therefore,
10.03 kWh became the design parameter for the solar
system of this study.

Wind turbines

Like with windmills, wind turbines take the merit of the
wind energy and convert it into another form of energy.
In this case study, the wind turbine converts kinetic
energy in the wind into electrical energy. Small wind
turbines like the one designed for this study are usu-
ally selected for local usage [14]. Since the electric
energy required for the study was less than 100 kW



Ssenyimba et al. Energy, Sustainability and Society (2020) 10:6 Page 3 of 18

e A\
Kalangala district Annual wind speed
6
_ 5 S —— \/
w
E 4
o
o
2 3
2
T
c
s 2
1
0
2010 2011 2012 2013 2014 2015 2016 2017 2018
== Annual Average Wind Speed for Kalangala YEAR
(m/s)
Fig. 1 Annual average Kalangala district wind speed
. J
( 3
Global Horizontal Irradiation Uganda

2%
solargis
ittp

http-//solargis.info

LA

Average annual sum, period 1994-2010 0 S0 km

<1200 1400 1800 1800 2000 2200 2400 kWh/m® SolarGIS © 2013 GeoModel Solar
Fig. 2 Uganda’s global horizontal irradiation
A\




Ssenyimba et al. Energy, Sustainability and Society (2020) 10:6

Page 4 of 18

10.1
10
9.9
9.8
9.7
9.6
95
94
93
9.2
9.1

Solar irradiance (kWh)

2010 2011 2012 2013

=O= Annual average Kalanga district Solar
irradiation (kWh)

Fig. 3 Kalangala district annual average solar irradiation
A

Kalanga district Solar irradiation

2014 2015 2016 2017 2018

YEAR

capacity, this became a system constraint, and there-
fore, the system is categorized as a micro-grid [15].
Micro-grid wind turbines are usually installed in the
isolated, off-grid and remote areas where there is no
power connected to the national grid as the case for
Kalangala district [16]. Johari et al. [14] stated that
these days, wind turbine technology is used to power
vertical axis wind turbines (VAWT) and horizontal
axial wind turbine (HAWT), to light up rural vil-
lages, as well as irrigation of crops.

The VAWT was selected for this study, because of
the following merits; The VAWT is an omnidirec-
tional and, therefore, can receive wind from all direc-
tions, unlike HAWT that is required to face in the
direction of wind stream all the time in order to give
the required optimum output. Since Kalanga district
winds are from all directions, VAWT was considered
to be the best option. The VAWT is the best choice
to be installed in a more turbulent and slow wind
speed environment. It can generally start to produce
power at very low wind speeds, unlike the HAWT.
“The system for VAWT such as gearbox and other
equipment can be packed together and installed
closer to the ground, hence eliminating the need for
extra cost for maintenance and making it easier to be
controlled” [14]. The VAWT is quieter during oper-
ation as compared to HAWT. However, VAWT is in-
efficient in high-speed wind environment due to its
low starting torques and issues on its dynamic stabil-
ity [14].

Designing crop drip irrigation system

The two main crops grown in Kalangala district are
bananas and palm oil. Banana was selected for this
study.

Assumptions made

a. Size of land: one acre (4046 m?) of banana
plantation to be irrigated

Crop to be irrigated: banana

Dripper spacing: 1.524 m

Land slope: 0% land slope

The depth of water source: 8 m

Water source: well, at the corner of the banana field
to be irrigated

™o a0 T

Crop water requirement

In determining the water required for irrigation, the
first step was to determine the amount of water that
will be needed for the selected crop. Since the need
varies during the season, the highest amount that is
expected to be used is selected [17]. Crop water re-
quirement varies with crop spacing. Table 1 shows
peak water requirements and spacing for commonly
grown crops in Africa.

Spacing of banana plants varies with the type of bananas
to be planted. “Bogoya” a local variety of banana is widely
spaced whereas short ones such as “Nakytengu” banana
variety which was considered for this study is closely
spaced. For Nakytengu variety, a spacing of 3m x 3 m in
between the holes gives a banana plant population of 450
per acre and 750 to 900 banana plants per hectare, with a
daily water requirement of 25L d™! [20]. This was the
water per meter length of row required, and therefore, the
total water required per day for 1 acre of Nakytengu ba-
nana plantation was obtained from Eq. 1 [18].

Th,o0 = Tir (m) x RHzO(L mild_l) (1)

where Tiy is total water required per day, 71y the total
length of rows and Ry is water requirement (L mtd?h.
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Table 1 Peak water requirement for different crops [18]

Sr. no. Crop Spacing Peak water requirement
(FtxF)  (Ld 'Plant™)®

1 Grapes 6X4 10-12
8X6 18-20
8x8 24
8x 10 30

2 Pomegranate 10x 10 30-40
12x12 40-50
15x15 70-75

3 Guava 15%15 70-80
18x18 100-120
25x25 120-130

4 Mango 25% 25 120-140
3030 150-170

5 Sapota/chiku 25%25 120-140
30%30 150-170

6 Orange/lemon/citrus 16%x16 75
18x18 85

7 Custard apple 10x 10 40
12x12 50

8 Ber 10x 10 30
12x12 55

9 Banana 6Xx4 22
6Xx6 25
5X5 22
6X5 25

10 Papaya 5x4 18
7x7 20

11 Coconut 25x25 90

12 Cardamom 10x 10 15

13 Rubber 15%15 24

14 Oil palm 30x23 150

el Above water requirements are indicative. Actual water requirements can
change according to actual evaporation, soil type and climatic conditions [19]

Given that 1 acre is 4046.7 m> and considering this area as
square that is to say 63.6m by 63.6m, then the total
length of rows was obtained through dividing the total
area of banana plantation by length of rows [18].

63.6m x 63.6m

3m
=1348.32 m

Total length of rows(T ) =

Water required for the whole field per day was then
obtained from Eq. 1.

Page 5 of 18

Th,0 = (1348.32 x 25) = 33,708 Ld ™ = 34 m® d”!

Selection of an in-line drip lateral and irrigation
time calculation
Assumptions made

e An inline drip lateral of 16 mm (pipe size) x 2 L
h™' (LPH) x 0.40 m (dripper spacing) was selected
for the study.

o The irrigation rate for 2 LPH at 0.4 m lateral is 5 LPH.

The peak water requirement is 25 L d .
Therefore, the irrigation time (%) was determined from
Eq. 2 [18].

Wat i t(Ld™) 25
Irrigation time(h) = 2 e?‘ regulremen (71 ) =" =5hd’!
Irrigation rate(Lh") 5
(2)

Therefore, the proposed irrigation system should
be operated for 5h per section of the field so as to
fulfil all water requirements. Since the estimated
average availability of the hybrid electricity system is
10h d°', then the maximum field section required to
be irrigated were obtained from Eq. 3 [18].

Electricity availability (/1)
Irrigation time (/)
10k
T 5h

The maximum field sections required =

= 2 Sections

(3)

Determining the lateral total length (L;)

Total Length (L;) required by laterals as shown in Eq.
4 is obtained from dividing the total area (m?) to be
irrigated by minimum row spacing length in meters
[21].

Totalareatobeirrigated (m?) 4046 m>
L= =

= 1349
Rowlength(m) 3m "

(4)

Total discharge required (T )

The total lateral discharge is obtained from Eq. 5 by div-
iding the product of lateral total length and Emitter flow
rate (GPH) of the selected lateral by emitter spacing in
meters [21].


mailto:2 LPH at 0.4 m
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Ly« x Emitter flow rate (LPH)
Ty = - .
Emitter spacing
1349 2 (LPH
T, = 349mx2(LPH) _ o by
0.4m
(5)

From Table 2, it can be seen that the maximum in-
line lateral running length for 16 mm x 2 LPH x 0.4 m is
82 m, and the lateral head loss is 2 m.

Design of submains

The flow rate of submain can be determined by using
the total discharge and the required number of sections
to be irrigated as given by Eq. 6. When the field is in
trapezoidal, triangular and not rectangular in shape, the
design can be made by adjusting the total discharge so
the design chart made for rectangular fields can be used
directly. Since the submain length is normally short, the
submain size is designed for a single size and submain
slope is assumed to be uniform and downslope [22].

T
Flow rate of submain = as -
6745 Number of sections .
=— = 3373LPH (6)

= 0.94LPS

Referring to Table 3, with the discharge of 0.94 LPS
(litres per second), the suitable size of sub-main is 40
mm, 6 Ksc. Total head loss in submain is 2 m. The total
length of submain required is 63.6 m. Two (2) submains
of 31.8 m each are placed at the centre of the field, and
laterals are laid along both sides of the submain for 31.8
m length.

Design of mainline
For the design of the mainline, we refer to Table 4, the
PVC mainline data. Here, one submain will be operated

Table 2 Maximum in-line lateral running length in meters with
a 7.5% discharge variation on flat ground (head loss 2 m) [18]
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Table 3 PVC submain flows
Size mm Ksc Max flow (LPS) HL (m)
406 Upto 1.8 2
506 181t03 2
63 4 3to5 2
754 5t0 8 2

at a time; therefore, discharge through the mainline is
the same as the discharge through the submain, this is
to say 0.94 LPS. Referring to Table 4, we see that 50
mm x 6 Ksc is suitable to carry the flow of 0.94 LPS.

From Table 4, it is observed that the head loss at max-
imum discharge, that is, at 1.8 LPS through a 50 mm x 6
Ksc PVC pipe is 30 m, but a lesser discharge in this case
(0.94 LPS). Therefore, for calculating actual head loss,
reference is made to Table 5. It is found that for a 50-
mm pipe and for a 0.94-LPS flow, the head loss is 9.0 m
for 1000 m length pipe, but the total length of main line
is 100 m. Hence, head loss through a 50-mm pipe of
100 m length at 0.94 LPS is

9.0 x 100
=——=09m
1000

The proposed model design layout for the 1-acre ba-
nana plantation field was designed as shown in Fig. 4. It
consists of two rectangular sections of 31.8 m by 63.6 m
each, mainline of 50 mm by 6 Ksc, submains of 40 mm
by 6 Ksc, sand filter and a flush point valve.

Design of pump/pump discharge

The required pump discharge is 1.54 LPS. Assuming an
operating pressure of 1kgcm 2~10m and lateral head
loss of 2m and in submains of 2m as indicated in
Table 6 and considering head loss from dripper to pump
foot value, i.e. water source:

Dripper 2 LPH 4 LPH Table 4 PVC main line flows [18]

spacing (m) 12 mm 16 mm 12 mm 16 mm Size (mm Ksc) Flow LPS Head loss at max flow (m/m)
S L N L N L N L N 50%x6 1t018 30/1000
03 41 137 68 227 26 87 43 143 63 x4 1.8 10 3.0 22/1000
04 49 123 82 205 31 78 52 130 75x4 30to 50 22.6/1000
05 57 114 95 190 36 72 61 122 90 x4 5.01to 80 23/1000
0.6 64 107 107 178 41 68 68 13 110x 4 80to 11.0 15/1000
0.75 74 99 124 165 47 63 79 105 125 x4 11.0 to 16.0 16/1000
09 83 92 140 156 53 59 89 99 140 x 4 16.0 to 20.0 14/1000

1 89 89 149 149 57 57 95 95 160 x 4 20.0 to 24.0 12.5/1000
1.25 103 82 173 138 66 53 110 88 180 x4 24010 320 10.7/1000
15 116 77 195 130 74 49 124 83 200 x 4 320t0 410 9.5/1000
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Operating pressure = 10 m

Head loss in laterals =2 m

Head loss in submains =2 m

Head loss in mainline = 0.9 m

Head loss in fittings (approx.) =3 m
Head loss in sand filter =5 m

Head loss in disc filter = 3 m

Head loss in NRV (non-return valve) = 1 m
Static suction and delivery =8 m
Static head of the field =0m

Pump suction and delivery = 8 m

AT D@ Me An o

Then, the total head will be equivalent to the sum of
all heads listed above.

Total head = (10+2+2+09+3+54+3+1+0+8)m
Total head = 34.9 m
Therefore, Eq. 7 was used to calculate the required

pump horsepower (Pp) with a discharge of 0.94 LPS at
34.9 m head.

Table 6 Head losses through different system components [18

[tem description

Lateral

V\)V\)g

Submain
NRV

Hydrocyclone filter
Sand filter

Disc filter

Screen filter

Venturi/F.Tank

w U N W L n

PVC fittings (approx.)
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_ Pump discharge(Q)in LPS x total head(m)

Pp

09445349
up = 2 X 34.

45
= 0.73 hpwater pump
Pp = 544

Operating schedule

Since there are only two sections to be irrigated and
using Eq. 6 pump discharge rate, Table 7 is the irri-
gation operating schedules for the proposed sections.

Designing and sizing of the proposed solar-wind
hybrid as per irrigation demand
In this study, the major aim was to meet a daily irriga-
tion pumping demand for the banana plantation. From
Table 7, to irrigate the required two sections of banana
plantation, 33,730 L of water will be required, where
each section will be irrigated for 5h. Wind-solar electric
energy generation by wind turbines and solar PV panels
change between months depending on the available
weather conditions that include solar irradiation,
temperature, air density, wind speed, and air pressure.
When the metrological data of Kalangala district (wind
speed and solar periods) are put into consideration, it is
assumed that more benefit will be gained from solar en-
ergy than from wind energy. There are more advantages
in using hybrid wind and PV solar technologies as
compared to using them separately [23]. Figure 5 is the
proposed system connectivity with two inverters, battery,
controller, solar panels, wind turbine and charger
controller.

The following steps/procedures were adopted from
[24] to design the proposed Kalangala irrigation solar-
wind hybrid system

a. Sizing and selection of solar panels
b. Sizing and selection of wind turbine

c. Sizing and selection of inverter power

d. Sizing and selection of charge controller
e. Sizing and selection of battery

Sizing and selection of solar panel

When the 544 W (0.73 hp) water pump runs for 10h d*
pumping water for irrigating bananas, the daily electric
energy requirement to be met with solar panels is ob-
tained from Eq. 8 which multiplies the power of the
pump and the period of daily use.
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Table 7 Irrigation operating schedule for the banana plantation
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Sr. no Section no. Discharge LP.H Peak operation time (h) Area covered (Ac) Total volume of water required (L)
1 1 3373 5 05 16,865
2 2 3373 5 05 16,865
Total 10 1.0 33,730

Energy requirement (Ppy) = Npump X operation time (/) from Eq. 11, where Pay is daily energy required (ampere

Ppy = 544W x 10h = 5440 Whd ™
(8)

By considering charge controller output at the wind tur-
bine, and solar system as 95% (AC-DC) and 90% for (DC-
ACQ) respectively, then the required power taking into ac-
count power efficiencies was calculated using Eq. 9 [23].

5440Wh/d

T — 7442 Whd!
(0.95 x 0.9)

(©)

Oguz [23] stated that if it is assumed that there might
be general losses that might occur in the system consid-
ering the worst situations (cable losses, attachments, de-
velopment current), then the total power needed per day
can be obtained from Eq. 10 accounting for all lo8sses
assumed to exist in the system.

PPC = Ppy <+ yCHARGE + yINV =

(Daily power need)Pjp,q = PPC x 1.1 = 7442 Whd™"

x1.1 = 8186.2Whd™
(10)

The daily energy requirement (ampere h™*) for pump-
ing irrigation water to the field was then determined

h™!) and Viystem is the battery voltage

_ 8186.2Whd™

= 682.2Ahd™!
vsystem 12v

(11)

From the research conducted by Okou [11], Kalanga-
la’s average wind speed was 5.88 ms ™' and the average
monthly horizontal was 146.67 kWh m >, and the aver-
age solar irradiance of 4.89 kWh m™ d™" was recorded.
The island receives an average of 11 sunshine h d ).
Therefore, Eq. 12 was then used to obtain the necessary
PV panel current value, where I, is the required panel
current.

Average sunshine (/)

_ 682.2Ahd™
11h

Iy

= 62 A (asrequired current tobe generated per day)
(12)

From the calculations above, the selected suitable
panel make for the study was Zedfabric™, and the tech-
nical specifications for the selected panels is given in
Table 8.

WIND IURBINE

CHARGER CONTROLLER

WATER PUMP

INVERTER

DC

AC _&

AC

DC

I

L

CONTROL{

SOLAR PANEL

Fig. 5 System connection schema

MPPT

BATTERY
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Determining the solar panels required for the
hybrid

The solar panels required for the hybrid system was ob-
tained from Eq. 13 [23].

Iy
Selected panel short circuit current

No.of panels =

*62A*1185~12 1
= o3A — 11:85~ 12panels

(13)

Sizing and selection of wind turbine

When the previously sized 0.73 hp (544 W) pump is used
to pump water for 10h d™", the electric energy require-
ment to be met with the energy from the wind was cal-
culated from Eq. 14.

Pwt = Ppump X t (14)

where P, is the energy required in the wind and
Ppump is the power of the pump (watts)

Py = 544W x 10h = 5440 Whd ™!

Average energy requirement (P;y.q)
The average energy requirement for the wind turbine
was given by Eq. 15

P 5440 Whd™!
— W % 1.1(Pu) = ————
nCharge x yINV (0.9 x 0.95)

x1.1 = 6999 Whd!

(P load) =

(15)

Wind turbine design

Daily energy requirement

According to Oguz [23], the daily energy required of a
wind turbine in amperes per hour can be obtained using
Eq. 16.

Table 8 Proposed solar panel specification

S.no [tem description Value

1 Maximum power 180 W,

2 180 W, dimensions 1581 % 809 x 50 mm
3 Number of cells 72

4 Voltage at Prax 36.31

5 Current at Prax 498

6 Open circuit voltage (V) 4497

7 Short circuit current (A) 523

8 Maximum system voltage (V) 1000

9 Temperature range —40to 80°C
10 Module efficiency >152%
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6999
=0 = 583.3Ahd!

(16)

Determining wind turbine blade radius
From Eq. 17, the blade radius of the turbine capable of
generating the desired power was calculated [23].

j2
R= |5
pVIARC,

where (AR) =h/R is the turbine’s aspect ratio which is
the ratio between blade height and rotor radius. For this
study, a Darrieus VAWT was selected with an aspect ra-
tio of 2 (Fig. 6) since its rotor can take wind from any
direction and needs low wind speeds to start [25].

Output coefficient (Cp) of a two-blade high-speed tur-
bine varies between 0.4 and 0.5, and the Cp for a low-
speed wind turbine with more than 2 blades ranges from
0.2 to 0.45 [23].

(17)

Calculating design parameters for the wind turbine

The annual average Kalangala district wind speed for
8 years at 10m is 5.27 ms™", and transferring this value
from 10 m height to 30 m is given by Hellman equation
(18) [26].

A\
v=v.(;)

where V=speed to the height 4, V, is speed to the
height %, (frequently referred to as 10 m height) and « is
the friction coefficient or Hellman exponent. “This coef-
ficient is frequently assumed as a value of 1/7 for open
land and is a function of the topography at a specific
site,” [27]. Table 9 is the friction coefficient of various
landscapes.

0.10
V =527 G—g) =6m-s!

(18)

The calculated energy requirement (Pp,,q) for irrigat-
ing the banana plantation is 6999 Wh d™', the annual
energy requirement was then obtained;

B <6999 Whd™

x 365 days | = 2555 kWh
1000

The size of the wind turbine that is required to be in-
stalled to meet the energy demand or requirement was
determined based on the following assumptions.

1. Coefficient of performance = 0.4
2. Density of air = 1.225 kgm™>
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Fig. 6 Efficiencies of different aspect ration
A

HIGHER EFFICIENCY

3. Capacity factor (C,) of 0.30 (that is to say 30% of
the time wind machine is producing energy at rated
power)

4. The transmission losses of rotor to generator = 0.9

Generator losses of 0.9

6. Number of operational hours per year 8760 h

S

Power density of the wind (power/unit area)
The power density (PD) of moving air is given by Eq. 19
[28].

1
WPD = Epv3 (19)

where WPD is the wind power density, p is the air
density and V is the wind speed. Air density is deter-
mined according to varying sea level degrees of
accuracy.

1
WPD = 3 X air density x (velocity)®

= 0.5 x 1.225 x (6.0)° = 132.3 W m™"

Table 9 Friction coefficient = for a variety of landscapes

Landscape type Friction coefficient

Lakes, ocean and smooth hard ground 0.10
Grasslands (ground level) 0.15
Tall crops, hedges and shrubs 0.20
Heavily forested land 0.25
Small town with some trees and shrubs 030
City area with high rise buildings 04

Actual wind power density to be converted to useful
energy

According to [23], the actual power density as shown in
Eq. 20 is a product of wind power density, capacity fac-
tor, transmission and generator losses.

= WPD x C, x Transmission loss x generator loss
Actual power density = 132 x 0.4 x 0.9 x 0.9
=43Wm™

(20)

Annual useful energy density

The annual useful wind energy density was obtained as a
product of wind power density and total operational
hours per year as shown in Eq. 21.

= PD x number of hours peryear

— 43 x 8760 = 377kWhm > (21)

The rotor size and turbine rating estimation

A wind turbine rotor is the organ that transforms the
kinetic energy of wind to mechanical energy. For this
reason, it is very important for wind turbines. As shown
in Eq.. 22, the rotor size was determined from the swept
area of the turbine.

Total annual energy required

Swept =
weptarea Useful energy density

2555kWh

377kWhm2
= 6.8m?

(22)

But the swept area for the Darrieus or Savonious wind
turbine can also be obtained from Eq. 23
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Swept area(m?®) = Dxh (23)

where 7 is the height, D is diameter of rotor and D
=2R

Using an aspect ratio of 2 (for turbines with more than
two blades), that is, (AR) = % therefore, % =2, then h=
2R.

From Eq. 23, we obtained the swept area.

6.8 m? = Dxh = D*2R = 2R*2R = 4R*
R=13m

The height of the blades was then obtained from the
aspect ratio as given in Eq. 24.

h
Aspectratio (AR) = R
0 h_h (24)
R 13
h=26m

Power rating of the turbine

The output of a wind turbine depends on the turbine’s
size and the wind’s speed through the rotor [29]. The
turbine rated power as shown in Eq. 25 was obtained

= Actual PD x area of the rotor
= (43 X 6.8)W
= 0.292kW

(25)

Actual rated power of the turbine rating

“The capacity factor is defined as the actual power out-
put over a certain period of time as a proportion of a
wind turbine/facility’s maximum capacity” [30]. Equation
26 was then used to estimate the actual rated power and
a capacity factor Cp of 0.30 was selected for the study
(that is to say, 30% of time wind machine produces en-
ergy at the rated power).

Power rating

Capacity factor
0.292 (26)
=——=10.97kW =~ 1kW
0.30

Thus, a 1-kW rated power wind turbine would provide
desired annual energy under the given situation

Speed of the turbine

According to Ragheb [31], for grid-connected wind tur-
bines with three rotor blades, optimal wind tip speed ra-
tio has to be reported as 7, with values over the range
6—8. Therefore, Eq. 27 was then used to determine the
required speed of the turbine.
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Speed of Turbine (rpm)
_ Wind speed x 60 x TSR

27
Circumference @7)
where TSR is the tip speed ratio (7)
6.0 x 60 x 7
Speed of turbine (rpm) = # = 200.5 rpm
TU

Assumptions made

The above power rating is based on the assumption that
the average Kalangala district wind speed of 6.0 ms™" at
30 m height will be available through the year, 8760 h,
which is not the case, and that is why we have taken the
capacity factor into account.

Technical specification of the required wind turbine (1 kW)
As per the calculations above, a wind turbine was se-
lected with similar specifications and Table 10 is the
specifications for the proposed turbine.

Hybrid solar-wind system operational
experimental description

This hybrid solar-wind system considered as a case study
is a combination of wind and photovoltaic subsystems as
shown in Fig. 5 above. Basing on the design calculations,
a 1-kW wind subsystem was selected for this system,
and its generator was equipped with a direct driven
permanent-magnet synchronous generator, diode recti-
fier and (DC/DC) converter for the tracking of max-
imum power point [19, 20]. There are 12 photovoltaic
panels of 5.23 A. The variable DC output voltage from
the panels is controlled by another (DC/DC) buck used
for the MPPT through regulating the output current
IPV. The common DC bus collects the total energy from
the photovoltaic subsystems and wind and uses it partly
to charge the battery bank and partly to supply the weak
grid to the water pump (AC load) via a single-phase

Table 10 Proposed wind turbine parameters

S. no. [tem description Value

1 Start-up wind speed 2ms

2 Rated wind speed 9ms!

3 Blades diameter (m) 27m

4 Rated speed 400 RPM

5 Pipe size 45"

6 Blades quantity 3 pcs

7 Blade material Reinforced fibre glass
8 Rated output power 1 kW

9 Stop method Electromagnetic brakes
10 Voltage 48V

11 Maximum power output 1500 W
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inverter. Figures 7 and 8 show respectively the block dia-
grams of proposed maximum power point tracking con-
trol for PV subsystems and the wind [32].

Sizing and selection of inverter for the proposed
hybrid

For this study, one inverter was proposed to be used for
both wind turbine and solar panels, making the system
more convenient and on reducing the complexity of the
system. Considering inverter output of 90%, the required
inverter value was given by Eq. 28.

Pp (W)

NNy

p inverter —

(28)

where Py yerter 1S the inverter power in watts

= w = 604.4 W
0.9
It was assumed that the irrigation pump would draw
excess current for a short time and that 700 W full sine
inverter should be selected of which is not far from the
calculated value of 604.4 W. The technical specifications
for the proposed inverter are given in Table 11.

Sizing and selecting the system battery
Accumulators are assumed to be used in the system to
store DC voltage from solar panels and wind turbine.
The objective is to store surplus electric energy gener-
ated from the panels and turbine into accumulators.

Required accumulator value for the system (Pap)
. Pyyaq(solar) 4+ Poaq(wind )

Vbattery

(29)

where Pyy,q in this case is power loads from Eq. 10 and
Eq. 15 respectively and Vg,gery the battery voltage
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_ (8186.2) Wh+ (6999) Wh _ . .
12V
For this study, a 200-Ah battery was selected to be
used for the system, and the number of batteries re-
quired was obtained from Eq. 30.

System's required accumulator value
Selected battery size (Ah)

Number of batteries required =

_ 1265.4 Ah

= 500 AR — 6.33 =~ 7 batteries

(30)

Finite element analysis of the turbine

The wind turbine was designed using SolidWorks 2019
software as shown in Fig. 9, with a blade height of 2.82
m and a radius of 1.41 m. The model was then simulated
in SolidWorks 2019 flow simulation environment, and
therefore, the turbine flow behaviour, static pressure,
turbulence intensity and stress distribution was analysed
at three times the peak wind speed of Kalangala district
at an elevation of 30 m (that is to say at 20 msY), and
the results are shown in Figs. 10 and 11.

Cost analysis

Since the wind-solar hybrid system is a long-term effi-
cient alternative in pumping water for irrigation in com-
parison to other types of energy, it is important that the
cost remains as low as possible. Table 12 shows the total
investment of the Kalangala proposed solar-wind hybrid
irrigation system.

Investment
The design lifetime of a typical wind turbine (VAWT/
HAWT) is 20 years, with low turbulence of lake offshore
wind conditions causing very low vibrations and fatigue
stresses [33].

Total project cost = 73,812,000 UGX

Wind turbine™

Full-Bridge
Inverter

Fig. 7 Current control of wind-side (DC/DC) chopper
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PV panel

Battery Full-Bridge
l Inverter

Fig. 8 Voltage-current cascaded control loops of the PV-side (DC/DC) chopper
A\

Payments

The payments, including the initial payments/cash flows,
were used to calculate the net present value and the real
rate of return over a 5-year project time since this is the
main economic aspect of the analysis. For simplicity, tax
payments, credits and depreciation credits were not con-
sidered [33].

Assuming that the capital cost for the project is ob-
tained as a loan, then the interest payment on the loan
was put into consideration.

Operation and maintenance
According to Blanco [33], the maintenance and oper-
ational cost of a wind turbine is 15% of the total project
cost without the labour cost

Maintenance/operation cost
= 1.5%of (total project cost—labour cost)

Table 11 Specification for the proposed inverter

Description Value
Model no SK700-212
Rated power 700 W
Surge power 1400 W
AC. voltage 230/240V
Frequency 50/60 HZ
No-load current draw 120 A

DC voltage 12 VDC
Over voltage 15.3 VDC
Voltage range 10.5-15.0 VDC
Standby current draw 025 A
Efficiency 91%

Output waveform

True sine wave

— 0.015 x (73, 812, 0003, 000, 000)
= 1,062,180 UGX/per year

Total expenditure
= Total project cost + operation & maintenance cost over
expected lifetime

Fig. 9 CAD design of the proposed VAWT
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Fig. 10 Top view of proposed wind turbine cut plot

1,062, 180
= <73,812,000 + <7> x 5 year>

one year

= 79,122,900 UGX

Current income and expenditures per year
The proposed area for banana plantation is 1 acre
(4046.86 m?), and the proposed banana variety is

Nakytengu with a spacing is 10ft.x 10ft. (9 m?).
Therefore, the number of banana plants to be planted
is 450.

Assumption
Price of a mature banana bunch is 9000 UGX.

Banana plant is a perennial crop which takes 9
months on average to grow and produce a bunch of
bananas [34].

Shear Stress [Pa]
Surface Plot 3: contours

sometric

Fig. 11 Shear stress surface plot of the proposed design




Ssenyimba et al. Energy, Sustainability and Society (2020) 10:6

Table 12 Cost of proposed system components (UGX)

[tem Price Qty Cost
Submersible borehole pump 9,418,000 1 9,418,000
700 W sine wave inverter 300,000 1 300,000
Sealed solar battery 200 Ah 12V 1,530,000 7 10,710,000
PVC borehole pipes size 1.5" 68,000 85 5,780,000
Concrete tank (100m?) 18,700,000 1 18,700,000
Wind turbine c/w controller 4,216,000 1 4,216,000
Multicrystalline solar modules 1,224,000 12 14,688,000
Labour/installation 3,000,000 1 3,000,000
1 kW Darrieus wind turbine 7,000,000 1 7,000,000
Total cost 73,812,000

Gross yearly income
Gross yearly income from sell of banana bunches assum-
ing all plants have put on fruits is:

= (15,000UGX x 450)

= 4,050,000 UGX /year

Net income stream per year
= (gross yearly income — operation&maintenance cost)
= (4,050,000-1,062,180)UGX
= 2,987,820 UGX

Table 13 was then constructed over the 5 years for the
solar-wind hybrid for banana field irrigation.

Net present value of income stream at =5% per year
real rate of interest is 12,935,468 UGX.
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Yearly net real rate of return (after 5years)
Net present value of income stream

Total project cost
1

5 years

X

12,935,468 UGX 1
12,935,468 UGX 1 _ oo o
73,812,000 X 5 0.035 3.5%per year

Results and discussions

Proposed hybrid system

Water required for irrigating 450 banana plants per day
is 3¢ m®> d”'. The required irrigation time is 5h d™".
Maximum field sections required for irrigation 1 acre
are two sections, the required pump horsepower is 544
W, and the number of solar panels at rating of 5.23 A
required are 12 pieces. The design turbine speed is
201 r.p.m., and the rating of the wind turbine required
for the system is 1 kW. The inverter size is 700 W, and
the number of batteries required by the system is seven
pieces at rating of 200 Ah. From optimization results,
the total project cost is 73.8 m UGX and the net income
stream of 2.99 m UGX per year with yearly net real rate
of return of 3.5% per year. The major demerits of inde-
pendent renewable energy sources are unavailability at
all times when needed and high capital cost and energy
unavailability of rated wind speed requirement. Thus, a
hybrid energy system (solar-wind) helps in overcoming
the drawbacks of renewable energy sources and thus
provides a continuous supply of electricity.

Conclusion

Solar-wind hybrid energy system is the most feasible
economic solutions in lowering electricity bills; it also
avoids the high costs encountered during extending grid
power lines to remote areas and provides a clean renew-
able non-polluting source of electricity. In this paper,
the water requirement for irrigating one acre of Naky-
tengu banana plantation in Kalanga district was

Table 13 Benchmark present value calculation for a the proposed solar-wind hybrid banana field irrigation system

Year n Expenditures Gross income Net income Present value f Net present value of

UGX stream UGX stream UGX actor 1/(1+n)" income stream UGX
r=0.05

0 —79,122,900 - - - -

1 — 1,062,180 4,050,000 2,987,820 0.9524 2,845,600

2 —-1,062,180 4,050,000 2,987,820 0.9070 2,709,953

3 - 1,062,180 4,050,000 2,987,820 0.8638 2,580,879

4 — 1,062,180 4,050,000 2,987,820 0.8227 2,458,080

5 —-1,062,180 4,050,000 2,987,820 0.7835 2,340,957

Total — 84,433,800 20,250,000 14,939,100 43294 12,935,468




Ssenyimba et al. Energy, Sustainability and Society (2020) 10:6

determined, pipeline for the irrigation system and design
layout made, power to meet the irrigation demand deter-
mined and a solar-wind hybrid system sized for supply-
ing the required electric power for irrigation. The
system was simulated for flow behaviour, static pressure,
turbulence intensity and stress at a speed, three times
the average wind speed of Kalangala district elevated at
30m above sea level, and the results showed that the
system could still work properly without undergoing
through deformation. Project cost analysis was made,
and the results showed the project’s yearly net real rate
of return of 3.5% per year, indicating that the project is
feasible. Thus, the analysis performed in this paper will
set guidelines for energy consultants or engineers and
for those who want to set up a solar-wind irrigation sys-
tem for drip irrigation.
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