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ARTICLE INFO ABSTRACT

Keywords: Renewable energy-powered irrigation systems have emerged as sustainable solutions, particularly for farmers in
Re?ew_ﬂble energy off-grid areas. While existing research often highlights tank storage-based systems as the most cost-effective
Irrlgatloln ' . option, large-scale deployment of water tanks incurs significant costs and maintenance challenges. Addition-
f)ystt;:;aetxi/:nmode ally, there is limited research on the feasibility and optimisation of battery-based irrigation systems, which are
Cc[;st often deemed costly despite their potential benefits. This study addresses this gap by identifying the optimal

storage solution for hybrid energy-powered irrigation systems through a system-level optimisation model. The
model evaluates the suitability of three storage options: direct-coupled water tank storage, battery-coupled
storage, and a hybrid battery-tank storage system. Optimisation criteria include life cycle cost (LCC), loss of
power supply probability (LPSP), and loss of load probability (LOLP), ensuring a comprehensive assessment of
both cost and reliability. Results indicate that the hybrid battery-tank storage system is the most reliable, fol-
lowed by battery-only storage, while tank-only storage, despite its lower initial cost, poses scalability and
maintenance challenges. The LCC over a 25-year project lifetime is £31 k for battery-tank, £26 k for battery-only,
and £23.3 k for tank-only systems. Despite the lower cost of tank storage, its complexity and maintenance make it

the least preferred option for large-scale systems.

1. Introduction

Recent increases in fossil fuel prices and inflation have affected the
livelihood of millions of farmers in Pakistan. The majority of the
smallholder farmers who live in off-grid locations face obstacles to
adopting conventional electric-powered irrigation systems. The coun-
try’s geographical location in Punjab and Sindh is on the perimeter of
the Indus River, which is one of the world’s largest irrigation systems.
Despite being a geographically favorable location for agriculture,
Pakistan is one of the inefficient food deficit countries in the world, and
its global food security index is one of the lowest [1]. Water scarcity and
energy demand pose tremendous challenges in Pakistan’s agricultural
landscape. The energy crisis significantly affects agriculture, leading to
energy price hikes, food insecurity and poverty [2]. Integrating renew-
able energy systems with agricultural infrastructure emerges as a
promising avenue for sustainable development here. The Pakistani
Government passed legislation in July 2021 on a net zero strategy for the
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country by 2030, and a few recommendations in the mitigation plan are
bringing on renewables in irrigation [3]. In compliance with the net zero
targets, the researcher will need to make a significant effort to find a
solution for the smooth integration of renewables into Pakistan’s agri-
culture. As reported in Pakistan Vision 2025, the country has a broader
vision of promoting a new irrigation policy to ensure efficient water
usage for irrigation [4]. The farmers mainly adopt the traditional irri-
gation system, a barrier to productivity improvement. Using a PV-wind
hybrid system reduces the storage capacity required compared to a
single source, and renewable energy sources can be utilised more
cost-effectively. Moreover, irrigation pumps integrated with hybrid en-
ergy systems can ensure sustainable farming and economic growth,
hence eradicating energy poverty in rural sectors [5].

Though renewable energy-powered irrigation systems can improve
the productivity of crops [6], the storage method to be used is still a
challenge for large land areas. Most of the published research is on water
tank-based systems without a detailed matrix on scalability and scope
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for large-scale systems. A few articles have raised concerns about water
tank costs. For example, C. Soenen et al. conducted a techno-economic
comparison between battery and tank-based water pumping systems,
finding that the lifecycle cost (LCC) of tank-based systems is 22 % higher
than that of battery-based systems. However, this study was limited to
domestic water supply contexts [7]. An optimisation study carried out
by A. Mazloumi et al. on a water tank storage-based solar-powered
system showed that the cost of water supplied per litre for tank-based
systems was lower compared to contemporary battery and
diesel-based systems, but the tank size was limited to 10 m3[8]. A study
of various storage systems showed that water tank storage incurs a
comparatively lower cost, but the sizing of the tank can pose a challenge.
For example, building a 200 m® water tank to meet daily water needs can
be infeasible considering the required construction cost and the cost of
materials, labour, and land area [9]. Furthermore, the cost of the
tank-based systems increases to twice that of the battery-based systems
when scaling up [10]. The mixed opinions that exist in selecting suitable
storage for irrigation systems have necessitated the development of
various optimisation models. There have been few published articles on
optimising renewable energy-powered irrigation with battery or tank
storage. The published literature mostly used the LCC and either loss of
load or loss of power supply probability as optimisation criteria [11-14].
But for off-grid systems, both LPSP and LOLP must be considered for
optimisation. Therefore, eliminating either one reliability criterion
could be a limiting factor for off-grid systems, which has been addressed
in this paper by considering both LPSP and LOLP as reliability criteria.

This article aims to identify the storage system for hybrid energy-
powered irrigation, and to achieve this aim, the following objectives
are carried out.

e Developing a system-level model that comprises an irrigation system,
resource assessment, hybrid energy system, and output modules. The
model can be used to design, size, and predict the performance of the
hybrid energy for various applications.

e Optimising the hybrid irrigation system based on three criteria: life
cycle cost (LCC), loss of power supply probability (LPSP), and loss of
load probability (LOLP).

o Identifying the optimum storage solution for the hybrid energy-
powered irrigation system.

While existing research predominantly focuses on water tank storage
systems, often highlighting their cost-effectiveness, there is a significant
gap in the exploration of battery-based solutions for irrigation. Large-
scale deployment of water tanks incurs substantial costs and mainte-
nance challenges, particularly in off-grid areas where infrastructure is
limited. This paper addresses this gap by conducting a comprehensive
feasibility and optimisation analysis of battery-based irrigation systems
in comparison to traditional water tank systems. By evaluating the
hybrid storage solutions on the basis of LCC, LPSP, and LOLP, this
research provides critical insights into the most efficient and sustainable
storage options for hybrid energy-powered irrigation systems. The
findings contribute to the advancement of renewable energy integration
in agriculture, offering scalable solutions that enhance reliability and
cost-efficiency, thus supporting sustainable farming practices and en-
ergy security in rural regions. This study’s innovative approach in
combining both battery and tank storage systems demonstrates a sig-
nificant improvement in the reliability and economic viability of irri-
gation solutions, paving the way for broader adoption and policy
support.

The paper’s organisation is as follows. Section 2 introduces the ma-
terials and methods, including the location of the study, the hybrid en-
ergy system working principle, and modelling methods. The hybrid
energy system optimisation techniques are addressed in Section 3.
Section 4 presents the results, the techno-economic analysis of various
storage systems, the optimisation summary, the output generated from
the HES, and CO, savings. Finally, Section 5 provides some discussion
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and concluding remarks.

2. Materials and methods
2.1. Site selection

The location of the study is in Sindh, Pakistan (latitude 25.8° and
longitude 65.8°), where the average daily solar and wind resource po-
tential is 6 kWh/m? and 1.3 kWh/m?, respectively. The average daily
peak sunshine hour is considered 6 h. However, the highest sunshine
hour can be as high as 8 h during summer and as low as 4 h during
winter. The clearness index of the location Kt value is 0.53-0.74. The
average temperature is 27 °C during summer, the highest temperature
rise occurs in May at 34 °C, and the minimum temperature at 16 °C is
noted for January. The tilt of the PV module is considered 25° during
model design. The vertical axis wind turbine is chosen for the hybrid
energy system design due to its higher efficiency at low wind speed.
However, due to the structural limitations of VAWT, a hub height of 10
m-20 m is recommended. A hub height of 10 m is considered in this
study. The hourly annual variability of wind speed is over the range of
1-7 m/s.

In this study, a completely off-grid solar wind hybrid energy system
has been designed. The energy system will deliver power to the irriga-
tion pump to irrigate 5 acres of land for sugarcane cultivation. The daily
peak water demand for sugarcane production is 203 m® required in July.
The system level model is developed considering an average daily water
demand of 208 m® to avoid oversizing the system. The HES runs a 4-kW
irrigation pump for 12 h every day at a daily energy requirement of 48
kWh. The hybrid energy system design involved finding the wind tur-
bine’s rated power, peak power of PV, and required storage capacity to
compensate for any power deficit caused by solar and wind unavail-
ability and determining the optimum tank size to store any water re-
siduals. The block diagram of the model is shown in Fig. 1.

2.2. Design of hybrid energy system

Hybrid energy systems (HES) consist of at least two or more energy
resources integrated with energy storage and user loads [15]. The en-
ergy flow of a hybrid energy system with battery-tank storage is pre-
sented in Fig. 2 below.

The HES comprises solar PV, wind turbine, battery storage, irrigation
pump load, and water tank. The MPPT charge controller supervises and
controls the energy flow by extracting maximum power from PV and
wind, protecting the battery from overcharging, and discharging, and
meeting the load demand. The pump controller controls and monitors
the tank’s water flow, pressure, and level. The hybrid energy system
works with five modes to ensure the load demand is met and to maintain
the battery’s state of charge to retain battery life [16].

The energy supplied by the hybrid system:

Ey=Epy + Eyr 2.1)
The energy supplied to the pump load:

L:{ Epy + Ewr , if Eg > Epmin

. 2.2
Epy + Ewr + Epar, if Ey < Ermin (2.2)

The gross energy production from PV and WT can be calculated as:

_Epv + EW'['

E,
G A

(2.3)
Excess energy production when battery capacity is full that is, SOC =
SOCpax, can be calculated as:

[Epv + Ewr] — Ep

2.4

Eexcess =

The modes of operation are briefly described below.
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Fig. 1. Hybrid energy model block diagram.
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Fig. 2. Modes of operation of the hybrid energy system.

Mode 1: The energy supplied by the PV (Epy) and wind turbine (Eyr)
equals the energy demanded by the pump load. The available energy
will be used to drive the pump, and the water residual in the tank will
continue to rise if there is excess water.

Mode 2: The energy supplied by PV and WT is less than the load
demand. If the tank water is above the minimum level, the water
demand will be met by the tank water. If the tank water level reaches
its minimum, the battery will compensate for the energy gap to drive
the pump if the battery’s state of charge (SOC) exceeds its minimum
value (SOCpin).

Mode 3: The hybrid energy from PV and the wind is less than the
load demand, and the battery state of charge and water tank level is
less than the minimum threshold (SOCgpin) and (SOCrmin), respec-
tively; both the battery and pump load are disconnected. The battery

will be reconnected once it charges to its minimum value, and the
pump load is connected again once sufficient energy is available to
meet the load demand.

Mode 4: When the generated energy from PV and WT exceeds the
load, and the state of the water tank level is less than the maximum
threshold SOCrnax, the excess energy will drive the pump to fill the
tank regardless of the state of charge of the battery, SOCg. The excess
energy will charge the battery once the tank reaches its maximum
water level.

Mode 5: When the generated energy from PV and WT exceeds the
load, and the charge state of the battery and water tank level reaches
the maximum threshold SOCppax and SOCrmax., the battery is
disconnected. Hybrid energy sources supply the pump load, and the
auxiliary load (if any) will absorb the surplus energy.
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2.3. System-level model

Hybrid energy system performance depends on conditions such as
daily or monthly temperature, weather data variation, and wind speed
data. Modelling and analysing this complex system are critical to ensure
the proposed system’s reliability. The algorithm of the hybrid energy
model is developed using Python. The developed model facilitates
weather resource assessment, system sizing, and data analysis func-
tionality, essential to processing the data and converting it into valuable
information through statistical analysis, mathematical computation,
and graphical representation. Hence, a system-level model is developed
in Python version 3.7 at Spyder integrated development environment
(IDE).

The model runtime dependency includes various scientific Python
library packages such as Matplotlib, Pandas, NumPy, WindPowerlib,
and PVLIB Python. The simulation is performed on an hourly basis to
evaluate resource data, model battery and water tanks, and predict
annual energy output from PV and wind turbines. The model utilises a
numerically intensive computing Python library, ‘Numba’, which can be
loaded by the program as a CPython interpreter. It is an open-source
just-in-time (JIT) compiler which converts the Python and NumPy
subset into faster machine code via the low-level virtual machine
(LLVM) Python package. The simulations are run on Intel® Core ™ i7-
7500U CPU @ 2.7 GHz-2.9 GHz Laptop. The system-level configura-
tion is shown in Fig. 3 below. The model consists of four modules: irri-
gation module (IM.py), resource assessment module (RM.py), hybrid
energy system module (HM.py) and output report generating module
(OM.py).

a. Irrigation module (IM): The irrigation module performs a detailed
analysis to define the irrigation system layout and pump capacity
required for the irrigation system. It requires user inputs, such as
weather data, available land area, types of crops to be irrigated,
method of irrigation, and duration of irrigation. The output gener-
ated from this module is pump capacity for sprinkler and drip irri-
gation, required tank storage volume, pipe length and diameter and
yield improvement.

b. Resources assessment module (RM): A detailed resource assess-
ment is conducted to determine the solar and wind availability of the
designated location. The model uses NASA’s hourly database for
wind resource assessment. For solar irradiance and temperature
data, the model utilises PVGIS databases, which have a temporal
resolution of 10 years and a spatial resolution of 5 km and are vali-
dated mainly using high-quality ground stations. The parameters
assessed from this module are global irradiance mapping, the plane
of array irradiance at various PV module tilts, average wind speed
mapping, mean temperature, and clearness index. The outputs from

=== === Eie = Irrigation System Module

(IM.py)

.
1
1
1
1
1
1
1
1
3

User Input from excel file
(.xIsx format)

Resource Assessment
Module (RM.py )

Hybrid Energy System
Module (HM.py )
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this module are available solar and wind resource data, passed as
input to the hybrid energy module.

c. Hybrid Energy module(HM): This module performs the sizing and
optimisation of the hybrid energy system. This module takes the
required pump capacity (load) input from the irrigation module to
determine the necessary PV, WT, battery, and inverter capacity. It
calculates daily and monthly performance metrics such as energy
production and produce graphs based on time, date, and test
conditions.

d. Output report module (OM): The output report module generates
automated PDF reports, including graphics, cost analysis, perfor-
mance metrics, and tables. The report summarises the irrigation
system requirements, the sizing of the hybrid energy system, the
graphical presentation of resource assessment, expected energy
production, yield improvement, and optimisation result output.

2.3.1. PV and wind turbine model

The PV system is modelled using the PVLIB Python library [17].
PVLIB Python is an open-source library for simulating the performance
of PV systems initially developed by Sandia National Laboratories as a
part of the PV Performance Modelling Collaborative. It contains func-
tions and classes to calculate the irradiance transposition, clear sky
irradiance, cell temperature, maximum power point tracking, DC power
output and AC-DC power conversion of the PV system. The power output
from wind energy is modelled using windpowerlib, an open-access li-
brary developed by oemof developer group. The library provides several
classes, such as height correction, temperature and air density correction
and power output calculation [18]. The detailed discussion of the PV
and wind turbine model has been excluded as the main focus of this
article is the optimisation of battery and tank storage for hybrid energy
systems.

2.3.2. Battery model

Two types of batteries are typically used to design hybrid energy
systems: lead-acid and lithium-ion batteries. The design is based on a
sealed gel-type lead-acid battery with a longer lifetime, low discharge
rate and rated capacity of Cgo (20 h discharge rate) [19]. Battery
charging starts when the power generated from PV and wind turbines
exceeds the load power. The SOC is determined based on the energy
balance between the wind and PV hybrid energy systems and by
observing the charging and discharging of the battery. After meeting the
load demand, any surplus energy will be utilised to charge the battery.
The model applies the Coulomb counting algorithm, to estimate the state
of charge for battery, SOCB (t) in a hybrid energy system.

The state of charge (SOC) is 1 when the battery is fully charged. The
allowable depth of discharge (DOD):

DODg =1 — SOCgpin (2.5)

""""""" A
I
I
I
I
I
________ - 1
—— ) 1
i b
i i
i no 0
I v v
_____ Output Generating .
Module (OM.py) -:
I
I
I
+
Results Summary

Output (.PDF format)

Fig. 3. System level model of the hybrid energy system.
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Battery constraint: SOCpmin < SOCp (t) < SOCpmax. The minimum

state of charge for the battery is considered 50 % for lead-acid batteries.
The state of charge at time t, SOCg (t) of the battery is calculated as:

I At
SOC5 (£) = SOCs(to) * (1 — &) + (M) 2.6)
CBAT
Battery discharging occurs when the power generated from PV and
wind turbines cannot meet the load demand.

SOCy (£) = SOCs(to) * (1 — &) + (M) 2.7)

CBA T

Here & is the battery self-discharge rate, ngy is the battery charging
efficiency, which is considered 0.85 and the battery discharging effi-
ciency npcy is considered 1, Cpar is the battery capacity in ampere hour
(Ah) and Ipar is the battery charging/discharging current, At is the 1-h
interval. Igar is negative during discharge.

2.3.3. Tank model

The tank model represents the water level in the tank while filling or
emptying the tank to meet the water demand. The tank operation is
analogous to the charging and discharging of the battery. The tank
modelling aims to identify the water deficit, state of charge (water) and
excess water volume produced in hourly intervals over one year. The
state of charge (SOCt) is 1 when the tank is fully charged. The allowable
depth of discharge (DODr):

DODy =1 — SOCrpmin (2.8)

Tank constraint: SOCrmin < SOCr (t) < SOCrimgx. The minimum state
of charge for the tank is considered 5 % of the total capacity. The state of
charge (SOCrynqy) is 1 when the tank reaches its maximum level. At any
time, t, tank state of charge can be calculated as:

es t
SOCr (t) = Qé,,.( ) (2.9)

ax

Qres (1 is the water residual in the tank at time t and Qmay is the maximum
water capacity of the tank. Hourly volume of water pumped into the
tank, Q(t) in m® can be calculated as,

) B % 0.367xn,

TDH (2.10)

E; is the available energy from HES, TDH is the total dynamic head
45.95 m, 0.367 is the conversion faction from litre to m®, Ny, is the
pumping efficiency of 55 %. Water residual in the tank can be calculated
as [20]:

Qu (9 { Q)+ 20,0t -0 =010 >0

Q.res.min s otherwise (2 1 1)

Qresmin 1S the minimum water level maintained at the tank. The water
demand, D represents the daily water consumption by the irrigation
system. Water deficit at time t is calculated as:

Qd (t) — { | QJes(tO) +Q(t) 7D(t)‘7Qres(t0) +Q,(t) 7D(t) <0

0, otherwise 212)

The excess water produced at any time can be calculated as:

Q. (1) = { Qres(to) + Q(t) — D(t) — Quax; if Qres(to) + Q(£) — D(t) > Quuax

0, otherwise
(2.12)

3. Hybrid energy system optimisation technique
There are several techniques for hybrid energy modelling, such as

linear programming, iterative methods, probabilistic approach, dynamic
programming, or multi-objective optimisation. This study uses the
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nondominated sorting genetic algorithm (NSGA II) based multi-
objective optimisation technique [21]. Optimisation aims to determine
the PV wind optimum ratio, which provides minimum cost at an
acceptable loss of power supply probability and loss of load probability.
Due to the intermittent nature of PV and wind, the energy system
must deliver the necessary power to the load as required, and at the
same time, the cost of the system should be minimal. In the preceding
section, the reliability and cost analysis methods are presented.

3.1. Reliability of the hybrid energy system

Several methods are available to determine the reliability of the
hybrid energy system, such as loss of load probability (LOLP or LOL),
loss of power supply probability (LPSP or LPS), and unmet load. This
research uses both LOLP and LPSP to assess system reliability. LOLP
presents the probability that the water produced by the hybrid energy
system is insufficient to meet the water demand. It is calculated by the
ratio of the volume of water deficit to the volume of water demanded
within the specified time such that [13]:

N=8760
Qq (1)
t=1
LOLP = T T B.1)
D(t)
t=1
Furthermore, the loss of power supply probability is used to assess
power reliability. LPSP presents the probability that the energy pro-
duced by the hybrid energy sources is insufficient to meet the irrigation
pump load and any auxiliary load demand [22]. It can be calculated as
[23]:

N=8760
> (Pu(t) — Pr(t)
Lpsp=-=! (3.2)

N=8760
Py (t)

t=1

Here, Py is the load power at any time t, Pris the total power from PV,
WT and battery, and N is the number of hours a year. LPSP occurs when
Py, > Pr. The total power Py can be calculated as,

Pr = [Nyppr(Ppv + Pwr) + Ppar]Niny (3.3)

3.9

Pyar = [SOC(t — 1) — (1 — DOD)| {M}

At

3.2. Cost analysis of the hybrid system

Once a technology has been identified as technically feasible, it is
vital to assess its economic feasibility. The life cycle cost (LCC) approach
is used to evaluate the cost of the HES system. The lifecycle cost com-
prises the initial cost of capital and the net present value of maintenance
and replacement costs. The project lifetime is considered 25 years. The
objective function of the lifecycle cost can be expressed as:

LCC =CAPEX + OPEX + R¢ (3.5)

The CAPEX includes the cost of HES components. The CAPEX can be
calculated as:

CAPEX = PVy, UCpy + WTypUCwr + BAT.qpUCpar + INVypUCpyvy
+ CCpUC¢¢ + T, UCr (3.6)

PV,, = total PV capacity required.

UCpy = per unit cost of PV

WTwp = wind turbine capacity required

UCwr = unit price of wind turbine

BAT,,, = total battery capacity required in Ah
UCpar = battery unit price

INVyp = inverter power required
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UCiyy = unit price of inverter

CCp = charge controller capacity

UC¢c = unit price of charge controller

T, is the volume of the tank and UCf is the cost per m? of the tank.
The unit cost of components is shown in Table 1 [24]. The operational
cost in the first year is considered 2 % of the initial cost of each
component (IC,) and d; is the discounted factor. The discounted oper-
ation and maintenance cost over the project lifetime, t = 25 years is:

. 0.02IC,
OPEX,= Y ———1 3.7)
21: (1+d)
OPEX = Z OPEX, (3.8)
1

Rcn is the replacement cost of the m™ component and ICy, is the cost of
each component. The components are battery, inverter, charge
controller and pump set. The replacement of the battery and inverter
will be required every six years within the project’s lifetime.

S IC,
Rem = —_— 3.9
o 2y @9

(3.10)

m
Rc= Z Rem
1

4. Results and analysis

The results and analysis have five sub-sections: First, a sensitivity
study of various input variables on the lifecycle cost of hybrid energy
system is performed in section 4.1. Then, in section 4.2, the cost of the
water tank is studied based on available market data in Pakistan.
Following the tank cost analysis, the techno-economic performance of
the various storage systems is shown in section 4.3. The optimisation
summary and annual energy yield are presented in sections 4.4 and 4.5,
respectively.

4.1. Sensitivity analysis of life cycle cost

The LCC of hybrid energy systems depends on four significant vari-
ables: energy input, discount factor, battery days of autonomy and daily
duration of operation. A sensitivity analysis is conducted for battery-
only storage systems to explore the dependence of these variables
(Fig. 4). The midpoint values of 0 % are shown in Table 2, where the LCC
is £26 K. The PV: WT ratio is 0.8:0.2, and battery days of autonomy is
one day. The vertical axis represents the LCC at relative changes of input
variables in the range of +75 % to —75 %, as shown in the horizontal
axis. The analysis shows that the resulting LCC is highly sensitive to
energy input, duration of operation and battery days of autonomy.

For this study, the duration of the operation is considered 12 h daily,
and when it decreases, the pump capacity needs to be higher to balance
for a lower duration of usage, and therefore the LCC increases. The
higher battery days of autonomy minimise the benefits of a longer
duration of operation. The days of battery autonomy beyond one day
incur higher LCC, whereas decreasing the DOA below one day

Table 1

Unit cost of components.
Component Unit price
PV 0.25£/Wp
WT 0.4£/Wp
INV 0.25£/Wp
BAT £0.5/Ah
CcC £0.1/Wp
Water tank £80/m>
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compromises the hybrid system’s power reliability, which is discussed
further in section 4.3.

Though reducing the energy input can lower the LCC significantly,
the power reliability of the system also goes up over 20 %. Therefore, the
sizes of the system to be chosen, keeping in mind the LPSP of the system,
must maintain within 10 % - 12 % maximum.

4.2. Water tank cost analysis

Based on the Pakistan market study of tank cost, a scatter plot
showing the relation between water tank size and cost is shown in
Fig. 5a. The graph shows a polynomial relationship between the tank
cost and tank size. An illustration of the normal probability density
function (PDF) is helpful in understanding the cost further. An illustra-
tion of the data’s normal probability distribution function and its 2-
sigma value for water tank cost is presented in Fig. 5b.

The cost of a water tank varies between £52/m? to £135/m°. The
average tank cost was found to be £90/m> with a standard deviation of
£21/m°>. The width of the curve shows that 95 % of the data falls within
the +2 standard deviation (+2 o¢) around the mean (u). At the y +£2 ¢
value, the cost is within the range of £48/m3 to £131/m> which shows a
wider variation. To avoid overpricing, this study considers a tank cost of
£80/m3, which is slightly lower than the average cost.

4.3. Techno-economic analysis of HES performance

A load sensitivity study of battery coupled and direct drive watering
in various cases is presented in this section to assess the techno-
economic feasibility of storage used. The load represents the respec-
tive water demand. Table 3 shows the configuration of multiple
instances.

In case 1, a battery-coupled irrigation system with one day of au-
tonomy is considered, and the initial SOC of the battery is 0.6. Case 2
refers to the direct drive irrigation system with tank storage. The initial
status of the water tank is 5 % of the maximum tank capacity. Case 3
considers both battery and tank-based systems. The HES system per-
formance is evaluated in this section for PV: WT energy input ratio at
0.8:0.2, respectively.

4.3.1. Battery only system

A techno-economic analysis is performed for different cases to
evaluate the best scenarios that offer the most optimised solution. Case 1
offers the base solution where the yearly water deficit is 6.3 %, implying
almost 94 % water availability at one day of battery autonomy. A
sensitivity analysis is shown in Fig. 6a to reveal the parameters that
affect the LCC. Reducing the autonomy by less than one day lowers the
LCC, but the overall power supply reliability exceeds 12 % limit.
Therefore, at least one DOA is selected where the LCC is £26 k and
increasing beyond one day, and the LCC goes up by £4 k. The peak
monthly water deficit of 1229 m® occurs in July (Fig. 6b). The maximum
hourly deficit shown in Fig. 7a occurs on 26™ July at 21 m® at a complete
loss of load, and the maximum daily total water deficit of 123 m® occurs
two days after (28 July). The battery state of charge on that day was at
a minimum of 0.5, with a depth of discharge of 50 %. Though depending
on the temperature derate factor and rate factor of the battery, the
maximum state of charge may go above 1, here it is assumed the
maximum SOC limits to 1. Battery experiences frequent charge and
discharge cycles in June-August due to the higher demand around this
period (Fig. 7b). The power reliability (LPSP) slightly increases over the
12 % limit. However, due to the water deficit being within the limit of
10 %, a slightly higher LPSP is considered acceptable.

4.3.2. Tank only system

In case 2, for the tank-only storage, the initial stage of the tank is
considered 5 % of its volume, which is the minimum water level that
needs to be maintained; the remaining condition is the same as in case 1.
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Table 2 As shown in Fig. 8a, the LCC is highly sensitive to tank size. On tank days
able

of autonomy, for one day, the LCC is £34 k for plastic water tanks only,

Sensitivi lysi ter. . . R, . .
ensitivity ana’ysis parameter which might rise significantly if the tank material changes. The tank

Parameter Value construction is the next cost-intensive part, which adds further
Energy Input 48 kWh complexity as the tank size increases. Compared with a battery-based
Battery days of autonomy 1 day system in case 1, the water deficit at tank autonomy 0.5 day incurs
Usage of operation 12h nearly the same monthly peak deficit (8 %) as the battery-based system.
Discount factor 5% . . . .

LCC £26 k Decreasing the tank size beyond this point approaches the monthly peak

deficit towards its 10 % limit.
The water deficit is highest in July (Fig. 8b), and the maximum
hourly water deficit of 23 m® is noted on 22nd July (Fig. 9a). The
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Fig. 6. a. Sensitivity analysis of LCC and LOLP (left), b. Monthly water pumped, water demanded and deficit (right) of battery only storage system.
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maximum daily water deficit of 137 m® occurred on 26™ July. The tank
water residual is shown in Fig. 9b, which represents the maximum
discharge of the tank that occurs during peak irrigation month in May to
July and in the remaining time, mostly the residuals drop to 50 % of its
maximum volume.

From November to February, the tank is primarily full due to less
water demand; hence, the loss of load probability is lower. The addi-
tional tank autonomy seems to oversize the capacity, exceeding the
requirement.

4.3.3. Battery-tank system

A sensitivity study was carried out to understand the impact of tank
days of autonomy (DOA) on LCC and LOLP. The battery days of auton-
omy are fixed for one day. The result shows (Fig. 10a) that the LCC at the

30 1
— 25 A
5
£
=
3 20 |
=
17}
a
= 15 -
2
T
=
2 10 A
=
=]
T
5 B
0 T T T T T d
0 1460 2920 4380 5840 7300 8760
Hours [h]

tank days of autonomy 0.25 days (52 m®) is £5 K higher than the com-
plete battery-based system costing £31 k where the cost of water tank is
13 % of LCC with a total water deficit of 1066 m®. The monthly peak
water deficit decreased by more than 50 % in July compared to the
battery-only storage system (Fig. 10b) and by more than 15 % compared
to the tank-only storage. Reducing the tank size furthermore will raise
the peak daily deficit close to the 10 % limit, which for present scenario
is 7 %.

The hourly water deficit occurring before April and beyond
September for battery-based systems has now improved due to dual
energy storage (Fig. 11a), and the deficit during these months is now
zero. The battery state of charge over the year shows that during high
peak load periods (May-August), the battery goes through several
charge-discharge cycles (Fig. 11b). However, in the remaining months,
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Fig. 9. a. Hourly water deficit (left), b. Hourly water residual in the tank (right) of tank only storage system.
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Fig. 11. a. Hourly water deficit (left), b. Hourly state of charge of the battery of battery-tank storage system.

the battery mostly remained charged due to low daily load demand,
indicating room for adding a few auxiliary loads in these months. Hourly
water residual in the tank shows (Fig. 12) a higher frequency of events
that the tank water residual drops down to a minimum threshold of 5 %
of the water volume (3 m?). If the results are compared with the tank-
based system, the overall LOLP is 2.6 %, close to the LOLP of the tank-
based system (2.2 %), and the LCC is £7 k higher than the tank-based
system due to the additional cost of the battery. The monthly peak
water deficit is nearly the same as tank-based (7 %). Though lower
battery days of autonomy reduce LCC, it is essential to realise that in
case of future expansion of the off-grid system, the option would be
limited with lower days of autonomy. Moreover, here, it is assumed that
the efficiency of the irrigation pump remains fixed, which will vary with
a possible increase in water deficit. Therefore, battery days of autonomy
minimum of one day is recommended to keep the scope for an additional
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Fig. 12. Hourly water residual in the tank of battery-tank storage system.

charge-discharge cycle if the water demand or the motor efficiency
changes. Overall, the best performance was achieved for the battery
tank-based system. The overall system reliability improved in this case,
and the overall LPSP is <1 %.

4.4. Hybrid energy system optimisation summary

The purpose of optimisation is to find the configuration at the lowest
cost at acceptable loss of power supply probability (LPSP) at < 12 % and
loss of load probability (LOLP) at < 10 %. The optimised PV and wind
hybrid ratio is found to be 0.8:0.2, 0.9:0.1 and 1:0. With the increasing
wind turbine ratio, the required swept area increases and therefore, the
turbine’s cost rises. At PV: WT ratio of 0:1 (no PV), the loss of power
supply probability is more than 60 %, and LOLP is more than 80 %. With
PV: WT ratio of 1:0 (no wind turbine), the LOLP varies between 2 % and
6 %. However, a hybrid system ensures higher power reliability than the
one that runs only PV or wind for all three cases. Fig. 13 presents the cost
contribution for each element in the total CAPEX of the HES. The
inverter and charge controller are the lowest cost elements of the system.

The cost of batteries dominates the CAPEX contribution by 37 %
(Fig. 13a) for battery-based systems, whereas for battery tank systems
(Fig. 13b), the cost component of tank and battery is almost at same
proportion at 26 % and 27 % respectively. The CAPEX is higher for the

Table 3
Cases considered in this research.

Case no. Tank volume (m%) Battery capacity (kAh) Storage type
Case 1 - 8.8 Battery

Case 2 104 0 Tank

Case 3 52 8.8 Battery + Tank
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tank-only system (Fig. 13c) because the water tank comprises more than
50 % of the total cost. However, the maintenance cost is the lowest for
tank-only systems, which rises by more than three folds for battery and
battery and tank-based systems. Compared with the battery-based sys-
tem, the LCC of battery-tank-based system increased by 20 % to £31 k for
a tank size of 52 m®. The reason for higher LCC for battery tank storage
systems is that the water tank cost ranges between £80/m® and £100,/m*
[25]. Furthermore, this study considers plastic water tanks, but the price
can rise by more than 50 folds for steel tanks [26].

The optimisation results are shown in Table 4 for all cases at all three
ratios. The total system capacity, combining solar and wind, and the
required battery capacity will remain the same regardless of the storage
type. The most optimum storage would be a battery tank-based system,
and the second optimum system would be battery-only. The least
preferred storage solution would be a tank only due to the higher tank
size requirement and complexity associated with its construction and
cost.

The optimum day of battery autonomy is found one day, and the
optimum tank size is 25 % and 50 % of the average daily demand for
battery-tank and tank-only storage systems, respectively. Hence, the
battery capacity required is 8.8 kAh, and the tank size is 52 m® and 104
m?>. Depending on the daily load demand, the optimisation outcome will
vary. However, the given example can be used as a reference when
designing the hybrid system for any load profile.

The proposed model will work for any geographical location. The
user needs to input the latitude, longitude, climate database, and time
zone to generate the weather data, and the model will automatically
produce the results accordingly. For economic data, users can select
either standard component prices or local market prices based on their

specific equipment manufacturers. This flexibility ensures the model’s
adaptability to various geographical locations and economic conditions.
The optimisation results for the solar-wind hybrid ratio will vary based
on location-specific solar and wind resource availability. For example, in
the United Kingdom, with higher wind resource availability, the opti-
mised ratio might be 70%-80 % wind and 20%-30 % solar. In contrast,
in Pakistan, where solar resources are more abundant, the optimised
ratio could be 80 % solar and 20 % wind. The battery-tank combo system
remains the preferred storage option across different locations, ensuring
maximum reliability and cost-effectiveness.

The hybrid energy system is designed to meet both primary and
auxiliary loads. Any surplus energy is stored in the battery to provide
backup in case of a lack of available solar or wind resources or to meet
any deficit during nocturnal load demand. Users provide the energy
input requirements and usage patterns, allowing the model to generate a
comprehensive load profile. This ensures efficient energy management
and system optimisation to maximise resource utilisation at minimum
cost.

The model currently supports four crops: sugarcane, cotton, wheat,
and rice, which are the primary crops in Pakistan. It can be customised
for other crops by providing the specific irrigation requirements. The
model runs simulations at hourly intervals, a standard practice in the
research community. While more frequent intervals (e.g., 30-min or 15-
min) could yield more precise results, they would significantly increase
data processing and runtime. Therefore, hourly intervals are used for
technical feasibility, ensuring reliable and accurate predictions without
significant concerns.

Table 4

Optimisation summary.
PV: WT PV capacity [kW] WT capacity [kW] Turbine swept area [m?] Annual energy [MWh] LOLP [%] CAPEX [£Kk] LCC [£k]
Battery only storage
0.8:0.2 10.8 5 25 21 6.27 11.9 25.8
0.9:0.1 12.2 2 13 21 6.09 11.5 25
1:0 13.7 0 0 22 6.54 10.4 23.8
Tank only storage
0.8:0.2 10.8 5 25 21 2.15 15.8 23.3
0.9:0.1 12.2 2 13 21 2.11 15.4 22.7
1:0 13.7 0 0 22 2.98 14.3 21.3
Battery-tank storage system
0.8:0.2 10.8 5 25 21 2.58 16 31
0.9:0.1 12.2 2 13 21 3.43 15.6 30.5
1.0:0 13.7 0 0 22 4.35 14.5 29

10
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4.5. Output power generated from PV and WT

The annual PV and WT output for 80 % PV and 20 % wind energy
ratio is shown in Fig. 14. The correlation between the monthly average
daily solar and wind energy density was found to be 0.7, indicating a
moderate positive correlation and a weak complementary relation.
Therefore, the wind speed is also comparatively lower during low solar
irradiance months in the winter. However, the complementarity is
observed during June and July, when the solar power density decreases
compared to April, whereas wind power density rises by almost twofold.

The monthly temperature increase during summer (28 °C- 30 °C)
causes the overall energy production from PV to decrease as the open
circuit voltage of the PV decreases with increasing temperature.
Throughout the year, PV production is more uniform than WT. Wind
generation shows fluctuation over the year except in the peak summer
months (June and July), whereas PV production tends to decrease
comparatively in these two months, which shows a complementarity of
wind and solar energy over this period. The annual energy produced
from the hybrid system is 21 MWh from an energy input of 16 kW. The
system is oversized by 17 %, which is essential in an off-grid system to
ensure battery charging.

The annual energy output will differ based on the PV module’s
specifications and the characteristics curve of the wind turbine chosen.
Regardless, the hybrid system operates efficiently within the reliability
limit of 12 % and the overall annual water deficit below 10 %. A valu-
able insight will be looking at the CO