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Abstract 

The growing use of solar photovoltaic (PV) systems in aquaculture farms and                

water-resource management facilities has provided the groundwork for developing 

systems that require reliable and long-life energy storage solutions, especially in remote 

and/or off-grid locations that require powering aeration devices, water circulation pumps, 

monitoring devices, and control systems on a continuous basis. Battery aging, driven by 

inappropriate Depth of Discharges (DOD) as a main system costs and sustainable 

operating challenge, is still the weakest link in the system reliability, sustained operational 

cost, and long-term adequacy. This is particularly true for systems in (PV-coupled) energy 

for aquaculture applications. This study discusses the possible design of an intelligent 

DOD management system that ranked the possible designs according to the remaining 

energy in the battery during the charging cycle at the optimised solar PV–battery hybrid 

energy system, streaming tier applications. A system of mathematically informed 

approaches developed provides a quantitative measure of solar energy, the use of inverter 

systems, battery systems, and their storage systems to regulate a range of unloaded solar 

PV modules. A Genetic Algorithm (GA)-based multi-objective optimisation framework 

is used to find the optimal depth of discharge (DOD) while minimising both the Loss of 

Load Probability (LLP) and the Cost of Energy (COE), and simultaneously maximising 

the battery life and the system efficiency. The optimisation takes battery ageing 

behaviour, discharging, and charging efficiencies and operational constraints into 

account. Simulations reveal that the optimal DOD that balance’s reliability, battery cost, 

and longevity is 32%. At this operating point the system loss of load is completely 

eliminated, the battery longevity is 5 years, and there is an 85 - 90\% decrease in daily 

dependence on the electrical grid. The study confirms that the optimised battery depth of 

discharge (DOD) enhances the performance and economically feasible use of solar PV 
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systems in aquaculture and water-resource management systems. The solution is efficient 

and versatile in sustainable energy use in aquatic systems and technologies. 

 

Keywords: Solar PV–battery systems, Aquaculture power demand, Depth of discharge 

(DOD), Battery optimisation, Genetic algorithm (GA), Energy savings  

Introduction 

The water resource and aquaculture 

industries have seen increasing adoption 

of solar photovoltaic (PV) equipment. 

These industries require a consistent, 

dependable power supply for their 

equipment, including aeration systems, 

water-quality processors, circulation 

pumps, and automated feeders. For most 

aquaculture farms and water treatment 

facilities, PV–battery systems are the 

most appropriate and convenient power 

supply option given their remote or       

off-grid locations. However, storing 

energy for later use significantly impacts 

the overall reliability and uninterrupted 

operation of the system, given the 

unobstructed, fluctuating nature of solar 

energy and the constant power demand of 

the aquatic systems (Mahadevan and 

Ramakrishnan, 2025; Shrestha, Thapa 

and Gautam, 2019). 

Rising fossil fuel prices, Greenhouse 

gas emissions, and the growing demand 

for clean energy have all contributed to 

the recent global expansion of PV 

Modules (Ahmed et al., 2021). PV 

Modules work by converting sunlight 

into electricity with the assistance of 

semiconductor materials (Wang et al., 

2019). Batteries serve as an energy buffer 

within PV systems; PV systems would be 

unable to operate for long periods, and 

hence storage systems are needed to 

smooth output arbitrarily to the moment 

of energy isolation (Yap, Chin and 

Klemeš, 2022). The most commonly used 

deep-cycled devices, such as Li-ion and 

Lead-acid, are cycled and discharged 

quite frequently (Tomar and Vyas, 2022; 

Kavaliauskas et al., 2023). The           

deep-cycle devices employed affect the 

system's efficacy, cost, and reliance over 

the years. 

The significance of the battery 

selection process and battery 

management in PV systems has been 

discussed in other studies. Though Li-ion 

batteries are more expensive than  

lead-acid batteries, they are healthier and 

cheaper in the long run because of their 

higher efficiency and longer life cycle 

(Muxitdinov, 2023; Keshan, Thornburg 

and Ustun, 2016). Also, battery storage 

systems have been shown to improve grid 

flexibility and reduce the need for 

additional infrastructure in areas with 

higher PV (Li and Wang, 2019). On top 

of that, more sophisticated battery 

management systems (BMS) with 

thermal regulation, charge estimation, 

and cell balancing have been reported to 

prolong battery life by 20% (Asadipooya 

and Nezhad, 2019; Gabbar, Othman and 

Abdussami, 2021). This data 

demonstrates the necessity of robust 

battery management in PV–battery 

systems. 

According to Hlal et al., 2019, in PV 

systems, battery life is influenced by 

temperature, operating cycle frequency, 

depth of discharge (DOD), and 

maintenance. Lithium-ion batteries have 

spanned over a decade and a half, while 

lead-acid batteries have shorter life 

cycles of three to five years and are far 
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more sensitive to deep discharges 

(Yudhistira, Khatiwada and Sanchez, 

2022). The effect of the given operating 

conditions is significant, with studies 

indicating that lifespans could be 

amplified by 50% the temperature is kept 

within the optimal range 

(Shanmugasundaram, Srinivasan and 

Lavanya, 2023; Spitthoff, Shearing and 

Burheim, 2021). Internal stress is lower 

in low DOD, and so are deterioration 

rates. In contrast, high DOD leads to 

accelerated deterioration, with wear more 

pronounced in the aquatic environment, 

where humidity and temperature vary 

(Woody et al., 2020). 

According to Xie et al., 2019, the 

DOD is a primary factor in usable energy 

and battery life for PV-based systems. A 

higher Deep Discharge state (DOD) leads 

to electrode and electrolyte degradation, 

reducing battery life. Studies suggest that 

DODs of 80% and 50% can almost 

double the cycle life for Li-ion batteries 

(Al-Saadi et al., 2022). In practice for PV 

systems, DODs of 20–50% are the 

standard to conserve battery health (Hou 

et al., 2020). Most Advanced Battery 

Management Systems (BMS) aim to 

balance operating conditions to adjust 

DOD for efficiency and longevity 

optimally. 

Battery-powered aeration devices and 

automated water circulation systems used 

in solar-powered aquaculture units and 

solar-powered water management 

facilities require a reliable, constant 

power supply to sustain biochemical and 

mechanical processes. Adjustments 

needed due to power fluctuations in 

aeration and water circulation systems 

can lead to rapid and critical instauration 

of a healthy pond ecosystem. Hence, 

there is a need to optimize DOD to 

minimize battery availability while 

keeping the system functioning without 

interruption. 

To address the need for quadraplex 

optimization, we propose a hybrid 

photovoltaic system designed to power 

aquaculture systems in both                     

grid-connected and off-grid 

configurations. The aim is to provide 

reliable power to the aquaculture systems 

and minimize energy usage from the 

power grid. Using a genetic algorithm to 

operate within the optimum DOD has the 

potential to reduce battery cycling, 

improve the economic feasibility, and 

enhance the operational sustainability of 

energy in aquaculture systems. 

Key Contributions 

• For aquaculture and water resource 

applications, a dedicated solar          

PV-battery system model is developed 

to capture continuous load demand 

and environmental conditions in an 

ecosystem. 

• Proposed is a Genetic             

Algorithm-based, multi-objective 

optimization framework for 

determining the optimal Depth of 

Discharge (DOD) with reverse Loss of 

Load Probability (LLP) and Cost of 

Energy (COE) minimization. 

• To enhance system reliability and 

economic performance, battery aging, 

efficiency degradation, and 

operational restraints are tempered the 

optimization sequence. 

• The simulation results achieved are 

optimal, with 32% DOD and no loss in 

load, extended battery life, and a 

reduction of 90% in energy 

dependence from the grid. 

The rest of this paper is structured as 

follows. The solar PV–battery hybrid 

system if for aquaculture and              
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water-resource management applications 

is modeled and analyzed in Section 2. 

This includes PV modules, inverter 

sizing, and battery storage functions. The 

optimization framework is explained in 

detail, and energy saving is analyzed in 

Section 3. The simulation results are 

explained in Section 4 and show how the 

optimal Depth of Discharge (DOD) leads 

to system reliability and reduction in grid 

dependence. This paper also presents 

some conclusions, describes the most 

significant results in Section 5, and 

details possible work for the next 

researchers. 

Literature Survey 

In solar photovoltaic (PV) systems 

battery energy storage is of the most 

pivotal importance. It even determines 

the economic viability of solar battery 

hybrid systems. Depth of discharge is a 

factor that determines battery life. It also 

predetermines how electrochemical DOD 

stress will affect age behaviour of 

batteries in the system as well as system 

replacement costs. There is a good 

amount of literature on batteries, the 

impact of the PV on systems and the 

optimisation of the management of 

batteries in systems. Based on previous 

studies on lithium-ion batteries, there are 

key operating conditions namely 

temperature and DOD that strongly affect 

degradation mechanisms and the cycle 

life of lithium-ion batteries. It has been 

shown that high and low temperature 

combined with deep discharges, will limit 

the usability of batteries in renewable 

energy applications (Hou et al., 2020). 

Performance degradation is significantly 

impacted by insufficient thermal 

management due to repeated charge and 

discharge cycles. This highlights the 

importance of setting boundaries on 

operational PV and battery systems 

(Spitthoff, Shearing and Burheim, 2021). 

In order to solve these problems, new 

Battery Management Systems (BMSs) 

that control charge, discharge, and 

temperature have been proposed. Current 

research on BMSs shows that controlling 

battery state and creating intelligent 

systems to manage energy can increase 

battery life and safety (Hu et al., 2021). 

DOD regulation is one of the main 

features of these systems, and for good 

reason since it is the most effective way 

to decrease cycling of the battery. The 

effect of DOD on the life span of the 

battery has been the main focus of many 

studies. It has been proven that for 

applications that periodically cycle, such 

as renewable energy systems and electric 

vehicles, the life of the battery is 

significantly increased by limiting the 

DOD (Park et al., 2023). The same has 

been observed for off-grid solar PV 

systems, since there is less DOD, it is 

more reliable, and there is reduced cost 

for long term upkeep (Hlal et al., 2019). 

The methods of batteries and how they 

compare to one another. Previous studies 

compare and contrast lead-acid batteries 

with lithium batteries for their stationary 

and off-grid uses. From these studies, 

lead-acid batteries do cost less of an 

investment at the beginning, but they do 

have an issue with discharging and have 

a significantly lower service lifetime. In 

microgrid isolation, the chosen 

technology and the depth of discharge 

(DOD) limitations were the determining 

factors for the overall reliability of the 

system and the decrease of the system 

replacement needed (Santos-Pereira et 

al., 2021). At the system level, the 
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optimal energy management and the 

overall performance of the PV-battery 

installation system has greatly amplified. 

Controlled management of continuous 

charging and discharging disbalances 

load demand and generation. This, 

overall, improves the system efficiency 

and cuts down the cost of operations in 

grid-connected and hybrid energy 

systems (Li and Wang, 2019). In addition 

to this, the techniques for multi-objective 

optimisation have used genetic 

algorithms to successfully determine the 

optimal hybrid renewable energy system 

while balancing cost, reliability, and the 

lifetime of the system components 

(Mayer, Szilágyi and Gróf, 2020). 

Most recently, the understanding of 

the battery degradation control strategies 

has deepened, particularly the one where 

DOD, temperature, and cycling 

frequency control are addressed 

simultaneously to maximize service life. 

Such studies are of practical value to 

those aiming to design systems with 

batteries of long utility in support of 

renewable energy (Woody et al., 2020). 

All in all, the literature is consistent in 

showing DOD optimization as one of the 

design and operational parameters of 

highest relevance in PV–battery systems. 

Yet, very few studies have applied DOD 

optimization in scenarios with continuous 

(non-interruptible) loads (e.g., 

aquaculture, water-resource management 

systems). This is precisely the reason for 

the current study that aims to optimize 

DOD to prolong battery life, and improve 

the overall reliability and                         

cost-effectiveness of the system, using a 

genetic algorithm approach. 

PV System Modelling for Aquaculture 

and Water-Resource Applications 

Aquatic environments and water resource 

distributions also add extra operational 

parameters for solar photovoltaic systems 

(higher moisture content and water 

surface variable reflective reflectivity) 

that affect evaporative cooling and 

photovoltaic control variables within 

battery cycling, and reliability of the 

entire system's operation on aquaculture 

farms, floating sensor networks, 

reservoirs, and water treatment facilities. 

Therefore, the modelling of solar 

photovoltaic modules, PV inverters, and 

battery storage systems must be based 

solely on water-centric environments to 

accurately represent system behaviour 

and ensure the continuous operation of 

water-dependent loads. 

Resource selection for the integration 

of renewables is also essential, as the 

interconnection of system modules for 

optimal performance and to avoid 

performance issues requires element-to-

element interactivity or system-formed 

current in various transformations within 

the network. This generates multiple 

system configurations. Those 

configurations can be divided into three 

main types. They are DC, AC, and hybrid 

solar. In this case, the systems are defined 

based on the UPA system application 

outlines (Sharma 2014): best DC, best 

AC, or best hybrid. 
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Figure 1: Schematic diagram of the solar PV–battery hybrid system integrated with the grid. 
 

Predicting the output of solar energy 

systems, given solar radiation and system 

factors, is and will always be a difficult 

modelling task in energy systems. A 

hybrid system with a battery bank is 

recommended. It is well known that solar 

energy systems are expensive and have a 

short lifespan (Dei and Batjargal, 2022). 

For this reason, it is essential to consider 

and optimise the battery's behaviour 

during the sizing of the PV array and the 

battery. From this, a reduction in the cost 

of energy (COE) can be achieved, 

enabling investment in the value capture 

of renewable energy plants  

(Fadlallah and Serradj, 2020). If a model 

is developed based on the costs of 

reducing battery life and increasing depth 

of discharge, it will make such renewable 

energy systems financially sustainable. 

The design of a solar energy system 

comprising a battery, an inverter, PV 

(photovoltaic) modules, and an AC grid 

connection arm is illustrated in figure 1. 

PV Modules  

The two most significant determinants of 

a solar PV system's performance are solar 

radiation and ambient temperature. 

Under aquaculture conditions, where PV 

modules are commonly mounted adjacent 

to ponds, tanks, or water bodies, 

humidity, cloud cover, and reflective 

surfaces can amplify fluctuations in 

irradiance. During clear-sky periods, 

solar radiation can reach 1100 W/m², or 

peak sun intensity, leading to higher 

output currents and better system 

performance. However, ambient 

temperatures in humid aquaculture zones 

are usually higher, which negatively 

affects the open-circuit voltage of PV 

modules. As the temperature rises, the 

voltage drops, thereby reducing PV 

efficiency (Zensu and Dalimi, 2022). 

Solar PV system output power (PPV) can 

be defined by equation (1) and equation 

(2). 

:𝑃𝑃𝑉(𝑡) = 𝑃𝑉𝑆𝑇𝐶∗ (
𝐺

𝐺𝑟𝑒𝑓
) + (𝛾∗ (𝑇𝑐 − 𝑇𝑟𝑒𝑓)) ∗ 𝜂𝑤𝑖𝑟𝑒 ∗ 𝜂𝑖𝑛𝑣 (1) 

𝑇𝑐 = 𝑇𝑎 + (𝑁𝑂𝐶𝑇 − 20) ∗ (
𝐺

800
)                      (2) 

 

 

 

 
 

PV array 

AC Grid 

AC load 
Smart Inverter 

Battery 
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Where G is the solar radiation 

(W/m2), Gref represents standard test 

conditions at STC (1000 W/m2), γ is the 

PV temperature coefficient, TC is the 

temperature of the PV cell, Tref=25°C, 

ηwire is the wire efficiency, which equals 

1, and ηInv is the inverter efficiency, 

which equals 0.95. The nominal 

operating cell temperature (NOCT) is 

determined under controlled test 

conditions at an ambient temperature of 

20°C and a solar radiation level of 800 

W/m². (Hassanian, Yeganeh and Riedel, 

2024; Abbes, Martinez and Champenois, 

2014). Assume that the solar PV array's 

energy output, which depends on hourly 

weather conditions, equals the PV array's 

power output (PPV). In that situation, 

equation (3) and equation (4) can be used 

to characterise the solar system's net 

energy.: 

𝛥𝐸𝑛𝑒𝑡 = 𝐸𝑝𝑣(𝑡) − 𝐸𝐿(𝑡)               (3) 

𝐸𝑃𝑉(𝑡) = 𝑁𝑃𝑉 ∗ 𝑃𝑃𝑉(𝑡)                  (4) 

Where EL (t) is the load demand for 

the corresponding period, (t) is the time 

length, which is equivalent to one hour, 

ΔEnet is the net energy, NPV is the 

number of PV modules, and EPV is the 

energy generated by the solar PV 

modules. 

The Inverter  

An apparatus that converts DC power to 

AC power is called an inverter. As a 

result, the maximum AC load 

requirement should be satisfied by the 

inverter power (PINVERTER). In this 

instance, equation (5) is used to 

determine the inverter's size. 

𝑃𝐼𝑁𝑉𝐸𝑅𝑇𝐸𝑅 = 𝑃𝐿 ∗ 1.25                  (5) 

Where PL denotes total load demand, 

and 1.25 represents the projected oversize 

factor. 

Battery Storage Requirements in 

Aquaculture and Water-Resource 

Systems  

The incorporation of battery energy 

storage hybrid energy systems is essential 

to mitigate variations in energy output 

caused by weather conditions affecting 

solar generation systems. Within the 

energy sector, one of the most 

emphasized areas of study is energy 

storage technology, aimed at minimizing 

the overall costs of different energy 

systems. Solar energy systems have 

gained international acclaim for their 

capacity to provide energy to off-grid 

rural areas at a lower price than extending 

the utility grid. Solar power systems can 

provide electricity to rural areas at a 

lower cost than extending the power grid. 

Batteries used for energy storage in 

hybrid systems include lead-acid,  

gel-type, and lithium-ion. A comparison 

of battery types is shown in table 1. 

The batteries powering aerators, water 

quality monitors, recirculation pumps, 

automated feeders, and other devices in 

water and aquaculture systems must 

provide reliable, uninterrupted operation 

despite power supply dropouts. 

Otherwise, oxygen levels will drop, water 

quality will shift, or a critical monitor will 

lose power. These devices often operate 

in remote and off-grid locations, so the 

batteries must endure long discharge 

durations and frequent cycles, and the 

weather must be variable. To keep 

systems sustainable and cost-effective, 

the Depth of Discharge (DOD) must be 

optimized to prolong battery life and 

ensure reliability. These systems would 

be far less reliable without the durable, 

DOD-optimized batteries. 
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For the reasons indicated in the 

preceding chart, lead-acid batteries are 

inexpensive and widely used in          

small- and large-scale battery energy 

storage systems (Santos-Pereira et al., 

2021; Bullich-Massagué et al., 2020). 

Table 1: Comparison of advantages and limitations of lead–acid, lithium-ion, and gel batteries. 

Battery Pros Cons 

Lead–acid 

▪ Low initial cost. 

▪ Easy to work with. 

▪ The self-discharge is slow. 

▪ Safer than other types, especially 

in cold locations. 

▪ Less power than 

others. 

▪ Less lifespan. 

(Li-ion) 

▪ High energy density. 

▪ Lower cost for maintenance. 

▪ Longer lifespan. 

▪ Fast charging rate. 

▪ High efficiency. 

▪ High cost. 

▪ Requires a protection 

circuit to limit 

voltage and current. 

▪  

Gel-batteries 

▪ Low maintenance cost. 

▪ Safer, the risk of explosion or 

leakage is minimised because the 

electrolyte is contained within a 

gel. 

▪ Wide range of operating 

temperatures. 

▪ Long life cycle. 

▪ High cost. 

▪ Limited efficiency. 

▪ More sensitive to 

high current. 

 

The capacity of this battery is a 

function of the energy it produces, in 

what units of energy, and of the fully 

discharged state and the cut-off voltage. 

This is what equation (6) demonstrates 

and how this is related to the capacity of 

watt-hours: 

𝐶𝐵 = 𝐴ℎ ∗ 𝑉𝐵                                (6) 

Where Ah is the battery size, which 

can produce current for up to an hour, and 

VB is the battery voltage. The DOD 

(Depth of Discharge) is restricted across 

the solar system to prevent overcharge 

and overdischarge and to extend battery 

life. In this study, we will investigate (or 

deal with) the DOD% %. There are 

several methods for designing (or 

approximating) a battery, depending on 

the level of detail and the features to be 

modelled. The model for a solar PV 

system that includes a battery should 

account for the battery state of charge 

(BSC).  

Considering all three cases, namely 

the battery charging, discharging, and 

standby, the battery's BSC in Watt-hours 

is calculated, as shown in figure 2. 

• In charging cases where the energy 

produced by the PV source exceeds the 

energy in the load, i.e., EPV (t) > EL (t), 

the Battery State of Charge (BSC) is 

calculated. The additional energy is used 

to charge the battery bank. Consequently, 

the BSC must be checked to determine 

whether PPV exceeds the load power. If 

the battery is fully charged, all additional 

energy must be diverted (or discharged). 

On the other hand, if the battery is not 

fully charged, the additional energy can 

be used to charge the battery bank. The 

relationship is expressed in more detail 

by equation (7) as follows: 

𝐵𝑆𝐶(𝑡 + 1) = 𝐵𝑆𝐶(𝑡) + 𝛥𝐸𝑛𝑒𝑡(𝑡 + 1) ∗ 𝜂𝐵𝑎𝑡−𝑐 (7) 

The BES discharge is sufficient to 

meet the linked load demand in the 

discharging scenario when EPV(t) < EL 

(t). Thus, equation (8) can be used to 

predict the BES's discharge quantity at 

hour (t): 
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𝐵𝑆𝐶(𝑡) =
𝐵𝑆𝐶(𝑡+1)+𝛥𝐸𝑛𝑒𝑡(𝑡)

𝜂𝐵𝑎𝑡−𝑑𝑖𝑠∗𝜂𝑐𝑐∗𝜂𝑤𝑖𝑟𝑒∗𝜂𝑖𝑛𝑣
      (8) 

In the standby situation, when  

EPV(t) = EL(t) or ΔEnet(t + 1) = 0, the 

battery capacity remains constant. In this 

circumstance, the BSC of the battery can 

be computed using equation (9). 

𝐵𝑆𝐶(𝑡) = 𝐵𝑆𝐶(𝑡 + 1)                (9) 

The battery's charging and discharging 

efficiencies, denoted by ηBat_c and 

ηBat_disc, are equal to 0.8. The charge 

controller efficiency (ηCC) is 0.95 (Yan 

et al., 2010). The BSC constraints/ are 

shown in the following equations (10), 

(11) and (12): 

𝐵𝑆𝐶𝑚𝑎𝑥 ≥ 𝐵𝑆𝐶(𝑡) ≥ 𝐵𝑆𝐶𝑚𝑖𝑛                (10) 

𝐵𝑆𝐶𝑚𝑖𝑛 = (1 − 𝐷𝑂𝐷(%)) ∗ 𝐶𝑛              (11) 

𝐶𝑛(𝑊ℎ) = 𝑁𝐵 ∗ 𝐶𝐵                               (12) 

The battery's highest charge is denoted 

by BSCmax, and its minimum by 

BSCmin. The maximum depth of 

discharge, or DOD (%), is known. NB is 

the number of batteries, while Cn is the 

capacity of the battery bank. 
 

 

Figure 2: Flowchart of the depth of discharge (DOD) optimisation process in the solar PV system. 

Table 2 provides solar system 

parameters and battery specifications. 

Additional details can be found in 

references (Dawood, Barwari and 

Akroot, 2023; Hassan et al., 2021). 

Start 

Data 
Solar irradiance 

Temperature 

Identify the system specifications PV, BES and inverter 

Calculates the PV module and Battery Output 

Set Time 

𝑃𝑝𝑣 > 𝑃𝑙𝑜𝑎𝑑 

Supply the load and BSC obtained Check the grid 

network 

AC load 

yes 

𝐵𝑆𝐶 < 𝐵𝑆𝐶𝑚𝑎𝑥 

 
Dump energy 

No No 

Battery discharge 
Battery charging 

𝐵𝑆𝐶 > 𝐵𝑆𝐶𝑚𝑖𝑛 

 

Calculate LLP 

Select the optimum values of the hybrid PV/DOD 

End 

𝐵𝑆𝐶 = 𝐵𝑆𝐶𝑚𝑖𝑛 

 

E=0 

No 

yes No 

yes 

yes 
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Table 2: Technical specifications and 

parameters of the solar PV system components. 

PV module  

Short circuit current (A) 

Open circuit voltage (V) 

Maximum operating voltage (V) 

Maximum operating current (A) 

Operating temperature (°C) 

Module efficiency   

Lifetime (year) 

Rated power (W) 

14.6 

49.6 

40.9 

13.45 

-40 to 85 

22% 

25 

550 

Inverter   

Rated power (W) 

Efficiency  

Lifetime (year) 

10000 

98% 

10 

Battery   

Battery model 

Rated capacity (Ah) 

Battery voltage (V) 

Efficiency (%) 

Lifetime (year) 

MU 10000 

200 

51.2 

80 

5 

Results and Discussions 

To enhance the effectiveness of solar   

PV-battery arrangements in aquaculture 

and water resource management, one 

must consider the intricate 

interdependencies among the 

technology's functionality, the reliability 

of on-site renewable energy, and the 

ecosystem's long-term logistical 

viability. In aquatic systems, it's critical 

to have power systems free of potential 

interruptions that could adversely affect 

aeration, water recirculation, filtration, 

and inline water quality monitoring. 

Given that the systems run nonstop and 

the solar batteries need to be replaced, 

and their useful life cycled, this presents 

some challenges. Across the solar 

system's bodies, the water surface's solar 

irradiance will be constantly variable due 

to humidity, clouds, and reflective 

surfaces. This will cause excessive 

battery cycling, leading to system failure. 

It's also critical to determine the 

constraints on energy flows to model the 

batteries economically. This modeling 

enables these powered systems with PV-

discretized renewable sources to operate 

with some autonomy and stability in 

power-constrained environments, such as 

aquaculture and water resource 

management systems (Sagar et al., 2022). 

When configuring a PV system to suit 

the dimensional constraints best, both 

technical and economic factors must be 

considered. Accordingly, multi-objective 

optimization based on the theoretical best 

global dependability values should be 

employed to determine the optimal 

sizing. In this paper, based on optimal 

operation of the PV system and the grid 

network, the system COE and the LLP 

trade-off optimization have been 

performed, considering PV and battery 

sizing and the targeted DOD. 

Software Information 

Implementation Environment 

The modelling, optimisation, and 

simulation of the system were done in a 

computing and simulation environment 

with the ability to do numerical analysis 

on nonlinear equations and evolutionary 

algorithms. 

Tool Used for Optimisation 

The built-in toolbox on the Genetic 

Algorithm for the Optimisation of a given 

problem was used to derive the optimum 

Depth of Discharge (DOD) with respect 

to the Loss of Load Probability (LLP), 

Cost of Energy (COE), and battery life. 

Simulation and Results 

The software was used to run simulations 

regarding PV generation, charge and 

discharge behaviour of batteries, and the 

grid for various scenarios in terms of 

irradiance, temperature, and load. 

Performance indicators were presented in 

the form of convergence and parametric 

plots. 
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Optimising Depth of Discharge (DOD) 

for Aquatic Solar PV–Battery Reliability 

In aquaculture and water-resource 

settings, the operational Depth of 

Discharge (DOD) affects the reliability of 

energy supply for critical loads, such as 

aerators and water-quality sensors. 

Balancing battery capacity with the 

chosen DOD level is essential, as higher 

DOD levels can accelerate battery 

degradation, disrupting crucial aquatic 

operations and resulting in economic 

losses (Duraisamy and Deepa, 2021). 

While lower DOD dissolution levels 

result in longer battery lifespan, there is 

the possibility of no energy availability 

during low solar irradiance. This        

trade-off is exacerbated in aquatic 

environments, leading to stress on battery 

chemistry. This is why a DOD level is 

needed, where the trade-off between 

battery lifespan and system reliability is 

minimal, while still meeting the energy 

demands of aquaculture and                 

water-resource management. For that, 

Optimail Genetic Algorithms (GA) 

methodologies must be employed 

(Upadhyay and Sharma, 2014). 

Using Genetic Algorithms (GAs) to 

process pertinent information to assess 

the most efficient Depth of Discharge 

(DOD) as it relates to the Battery Storage 

of a Solar PV System will ultimately 

improve effectiveness of the Systems 

Overall Performance, Longevity, and 

Cost effectiveness, as there is ability 

gained in determining the equilibrium as 

to how to maximize energy usage and 

conserve battery health over a period of 

time. 

In the current literature, the genetic 

algorithm is a promising approach for 

improving the performance of a solar PV 

system. (Mayer, Szilágyi, and Gróf 

2020). When there are competing 

objectives, it is possible to generate a set 

of alternative solutions.  

 

Figure 3: Relationship between loss of load probability (LLP) and depth of discharge (DOD) in the 

hybrid PV system. 

The most efficient formulation in this 

research is the one that considers LLP. 

The LLP is to assess the system's 

performance. The availability of the 

hybrid solar PV system is used to 

determine the performance. If LLP=0 or 

availability is 100%, it indicates that the 

load demand can be met continuously and 
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optionally all year round. However, as 

illustrated in figure 3, a hybrid solar PV 

System does not meet the load demand 

year-round if it has 0% availability or 

LLP = 1. 

The high costs of constructing double-

depended hybrid solar photovoltaics 

make a heuristic unavailable. (Khatib and 

Elmenreich, 2014) defined the LLP value 

of a hybrid PV/BES system. A hybrid 

System is designed with an LLP value of 

less than 0.01. 12 The LLP can be 

expressed in the following form in the 

given equation, and it is given as a portion 

of the annual energy deficit to the total 

annual load demand as shown in  

equation (13). 

𝐿𝐿𝑃 =
∑ 𝐸𝐷𝑒𝑓𝑖𝑐𝑖𝑡𝑠(𝑡)𝑇

𝑡

∑ 𝐸𝑙
𝑇
𝑡 (𝑡)

                        (13) 

Where EDeficits is the energy deficit 

of a solar PV system in a year.  

Given the two preceding objectives, 

designing a hybrid photovoltaic system is 

a very complex optimization problem. 

The present proposal for the Multi-

Objective Optimization will be based on 

the Genetic Algorithm (GA). The steps 

involved in the Genetic Algorithm model 

and energy savings analysis to derive the 

optimum DOD and the energy cost 

savings are as follows: 

Battery Life Estimation 

Battery life estimation is a design 

consideration for energy storage systems, 

especially in solar PV applications. To do 

this, one must estimate how long the 

battery will last by predicting factors such 

as depth of discharge (DOD), operating 

temperature, maintenance practices, and 

charge and discharge cycles. Obtaining 

an accurate estimate is crucial to optimise 

battery usage and reduce costs while 

ensuring a reliable energy supply. The 

estimated battery life is determined using 

equation 14, while figure 4 illustrates the 

correlation between battery life and DOD 

and it is denoted by equation (14) 

𝐿𝑏𝑎𝑡𝑡𝑒𝑟𝑦(𝐷𝑂𝐷) = 𝐿𝑚𝑎𝑥 × (1 −
𝐷𝑂𝐷

𝐷𝑂𝐷𝑚𝑎𝑥
)𝛼   (14) 

where: Lbattery (DOD): Estimated 

battery life at a given DOD, Lmax: 

Maximum battery life at the minimum 

DOD, DODmax: Maximum allowable 

DOD, and α: Empirical constant 

depending on battery type.

 

Figure 4: Effect of depth of discharge (DOD) on battery lifespan. 
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Energy Efficiency  

𝜂𝑏𝑎𝑡𝑡𝑒𝑟𝑦(𝐷𝑂𝐷) = 𝜂𝑛𝑜𝑚𝑖𝑛𝑎𝑙 × (1 −
𝐷𝑂𝐷

𝐷𝑂𝐷𝑚𝑎𝑥
)𝛽         (15) 

In Equation (15) ηbattery (DOD): 

Battery efficiency at a given DOD.  

𝜂nominal: Nominal efficiency at the 

minimum DOD and β: Empirical 

constant depending on battery type. 

Cost Function 

𝐶𝑏𝑎𝑡𝑡𝑒𝑟𝑦(𝐷𝑂𝐷) =
𝐶𝑖𝑛𝑖𝑡𝑖𝑎𝑙

𝐿𝑏𝑎𝑡𝑡𝑒𝑟𝑦(𝐷𝑂𝐷)
+ 𝐶𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑎𝑙(𝐷𝑂𝐷)  (16) 

In equation (16), Cbattery (DOD): 

Total cost associated with a given DOD, 

Cinitial: Initial cost of the battery, and 

Coperational (DOD): Operational cost at 

a given DOD. 

Overall Objective Function 

𝑭𝒊𝒕𝒏𝒆𝒔𝒔(𝑫𝑶𝑫) = 𝝎𝟏 × 𝑳𝒃𝒂𝒕𝒕𝒆𝒓𝒚(𝑫𝑶𝑫) +

𝝎𝟐 × 𝜼𝒃𝒂𝒕𝒕𝒆𝒓𝒚(𝑫𝑶𝑫) − 𝝎𝟑                                      (17) 

In equation (17), ω1, ω2, ω3: 

Weighting factors to balance the 

influence of battery life, efficiency, and 

cost. 

Energy Savings and Operational 

Efficiency in Aquaculture Facilities  

Aquaculture farms, hatcheries, and 

water-treatment facilities often operate 

around the clock, requiring continuous 

energy for aeration, pumping, filtration, 

and monitoring systems. These 

operational costs are considerable, 

especially in areas with high and variable 

electricity costs. The integration of a   

PV–battery system reduces grid 

dependence and stabilises supply during 

critical periods, such as overnight for 

aeration (Nagabhooshanam et al., 2025). 

Estimating energy savings is a key factor 

for cost savings and improving the 

operational resilience and sustainability 

of aquatic systems. 

Energy Consumed by Aquaculture Load 

Aquaculture systems operate with both 

continuous and intermittent electrical 

loads. Continuous loads include aerators, 

water-circulation pumps, biofiltration 

units, and oxygenation equipment. 

Intermittent loads consist of feeders, 

monitoring sensors, and automated 

control units. The sum of the energy 

consumed by these loads over a specified 

time can be calculated with the use of 

equation (18) 

𝐸𝐿𝑜𝑎𝑑 = 𝑃𝑙𝑜𝑎𝑑 × 𝑡  (18) 

Where: ELoad: Energy consumed by 

aquaculture system loads (kWh), Pload:  

Total power rating of pumps, aerators, 

feeders, etc. (kW), and t: Duration time of 

energy consumption (hours). In 

aquaculture systems, the aerators run for 

about 10-20 hours a day to keep dissolved 

oxygen levels in the water sufficient. This 

makes them one of the costliest 

components to run. Under typical 

aquaculture operating conditions,  

figure 5 shows the relationship between 

PV generation, load demand, and grid 

contribution over 1 day. 
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Figure 5: Daily power flow of the solar PV system showing PV generation, load demand, and grid 

contribution. 

Energy Drawn from the Grid 

In situations with low solar irradiance 

(early morning, evening, and cloudy 

conditions) or during peak operational 

hours, a portion of the energy demand 

must be supplied by the grid. The energy 

imported from the grid is calculated using 

Equation (19): 

𝐸𝐺𝑟𝑖𝑑_𝑈𝑠𝑒𝑑 = 𝐸𝐿𝑜𝑎𝑑 − 𝐸𝑃𝑉            (19) 

Where: EGrid_Used: Energy drawn 

from the grid. 

In aquaculture environments, 

minimizing grid energy use is especially 

advantageous, as electromechanical 

aeration and pumping operate for long 

hours, making electricity a high ongoing 

operational cost. 

Energy Saving 

Energy savings represent the decrease in 

grid electricity consumption enabled by 

the PV-battery system. For aquaculture 

operations, which usually entail constant 

aeration and circulating water, these 

savings reduce costs and enhance 

ecosystem sustainability. Energy savings 

are defined by equation (20). 

𝐸𝑆𝑎𝑣𝑖𝑛𝑔 = 𝐸𝐿𝑜𝑎𝑑 − 𝐸𝐺𝑟𝑖𝑑_𝑈𝑠𝑒𝑑      (20) 

 

Figure 6: Variation of grid energy savings with respect to depth of discharge (DOD). 
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Where: ESavings: A higher value of 

ESavings. Even when the system 

continued to rely on the grid, the 

percentage indicates greater confidence 

in solar energy. Results shown in figure 6 

suggest that the selected Depth of 

Discharge (DOD) value of 32% is best 

suited to preserving the battery for long-

term use and to yield the most significant 

capacity reduction in the grid, with 

dependence on 85 to 90% during the day 

in most aquaculture systems. 

Battery Degradation with DOD 

The extent to which a battery deteriorates 

depends on various factors such as 

discharge cycles, temperature, humidity, 

and Depth of Discharge (DOD). In 

aquaculture, there are continuous 

electrical loads and the use of humid 

environments, which can further 

deteriorate the battery. Equation (21) 

specifies the battery's growing 

deterioration rate in relation to humidity: 

𝐷𝑏𝑎𝑡𝑡𝑒𝑟𝑦(𝐷𝑂𝐷) = 𝐷𝑚𝑎𝑥 × (
𝐷𝑂𝐷

𝐷𝑂𝐷𝑚𝑎𝑥
)𝛾  (21) 

Where: Dbattery (DOD): Battery 

degradation rate at a given DOD, Dmax: 

Maximum degradation rate, and                 

γ: Empirical constant. DOD spikes to 

higher values increase the battery's 

available capacity. However, this also 

increases chemical stress, resulting in a 

shorter battery lifespan and higher costs 

for aquaculture farms. For this reason, 

finding a good DOD is essential, as it 

strikes a good balance between usable 

energy and system longevity. 

 

Figure 7: Optimised multi-objective PV–battery system configuration showing the pareto front of 

LLP and COE. 

Discussions  

A Genetic Algorithm (GA) was 

employed to optimise the Depth of 

Discharge (DOD) in the PV–battery 

system, enabling determination of the 

operational point at which the battery can 

energise the aquaculture and               

water-resource operations system 

without losing useful life (i.e., maximum 

DOD cycle). The DOD cycle GA showed 

convergence behaviour, steadily 

improving the DOD candidate solutions 

with each generation. Early DOD GA 

generations showed high diversity in the 

population DOD sets, which indicated 

that the DOD GA was making spectrum 

search efforts. With many DOD GA 
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iterations, it was observed that the 

population began to narrow into a 

succinct band of high-fit DOD population 

solutions, indicating that the population 

had converged on the DOD optimum. 

This behaviour of the DOD GA 

population confirms the diligence of the 

population and the DOD GA overall. 

The control of Depth of Discharge 

(DOD) for the batteries is paramount if a 

system will integrate open-water 

aquaculture with the constant need for 

aeration and water recirculation. There 

will be periods of low solar production, 

which means the batteries will be 

required to deliver a stable DO and 

operate beyond the typical DO, 

aaccelerating cycle life and affecting 

computer design life of the systemize fish 

farms and hatcheries spend a great deal of 

time operational, DOD efficiencies mean 

there will be less cycle stress on the 

battery, and therefore extended life and 

reduced cost for system design and 

replacement utilising energy storage. 

The results of the multi-objective 

optimisation exercise spanning the entire 

operational day are shown in figure 7. 

The data are partitioned into a Pareto 

front, demonstrating the trade-off 

between Loss of Load Probability (LLP) 

and Cost of Energy (COE). All the data 

points on the Pareto front represent 

achievable states of the system, with PV 

module counts, DOD percentages, and a 

unique cost associated with each state. A 

DOD 0 choice was made from the options 

where LLP 0 was available. In an 

aquaculture system, the absence of 

aeration can rapidly degrade water 

quality and lead to stock losses. Thus, 

uninterrupted pumping must also be 

avoided. 

Using the GA for analysis, the optimal 

DOD was determined to be 32%, which 

represents the best trade-off among 

system dependability, energy costs, and 

battery longevity. With this DOD, the 

system achieved a COE of                   

0.2494 USD/kWh and successfully 

maintained LLP = 0, indicating no 

interruption to powering all essential 

loads throughout the year. While a lower 

DOD, for instance, 10% DOD, could 

extend battery longevity to 8 years, the 

battery's capacity would be insufficient to 

meet the energy demand of the 

aquaculture systems, resulting in greater 

reliance on the grid and lower                 

cost-efficiency. Hence, the optimized 

DOD of 32% presents a more reasonable 

and more equilibrated operating 

condition. 

The analysis underscores the need for 

accurate battery modelling in the design 

of solar-powered aquaculture facilities. 

The lead-acid batteries, used for their 

cost/availability, were showing 

accelerated degradation at high DOD. 

Selecting a moderate, optimized DOD 

ensures the system reliably delivers 

energy when the energy load is highest, 

while the DOD replacement schedule 

remains sustainable. The GA algorithms 

with the given parameter set have proven 

helpful for designing cost-efficient,    

high-performing energy systems for the 

aquaculture sector. 

An 85-90% reduction in reliance on 

the grid with the combined PV-battery 

system is reliable, as the system supports 

aquaculture activities. This reduction in 

grid reliance is significant, as it performs 

all operations while providing the 

sustainability needed in aquaculture 

systems. This is why the points discussed 
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in this paper are of great value to 

aquafarms, fish hatcheries, pond 

management, and rural water resource 

facilities as well. 

Conclusions  

This research focused on planning the 

operational optimisation of solar           

PV–battery hybrid energy systems for 

aquaculture and water-resource 

management. The systems must ensure 

constant energy supply for aeration, 

pumping, and water quality control. The 

research combined energy-flow 

modelling and optimisation based on a 

Genetic Algorithm and focused on the 

trade-off between system cost and 

reliability, battery degradation, and 

energy costs. The research results 

identified the 32% DOD as optimal and 

cost-effective at 0.2494 USD/kWh, given 

that the system achieves 0% Loss of Load 

Probability (LLP). At this DOD level, the 

battery cycling was constrained and 

battery longevity was ensured, as was the 

reduction on the system reliance on grid 

power for both daytime and nighttime 

operations. The results indicate that the 

most significant variable in DOD battery 

management systems is the DOD level 

for aquaculture and water-resource 

management which affects the overall 

system’s value. 

Future Work 

Future studies might consider applying 

the proposed optimisation framework to 

other climatic and geographical areas to 

evaluate the framework’s flexibility to 

varying levels of solar radiation and 

temperature. The use of advanced battery 

management systems with frameworks 

that monitor performance in real-time 

and actively control system parameters to 

increase flexibility and operational 

adaptiveness is an extremely positive 

avenue to pursue. Other studies could 

also focus on the unused potential of new 

battery materials and different 

combinations of energy storage 

technologies in order to lessen system 

inefficiencies and associated growth of 

negative impact on the environment. In 

addition, the addition of other 

parameters, such as return on investment 

(ROI), lifecycle cost, and carbon 

cost/savings, to the economic analysis 

would provide a better basis for extensive 

deployment. Experimental testing of the 

proposed method in actual fish farms 

would, for example, increase the 

credibility of the proposed method. 
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