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The off-grid hybrid energy systems have become a viable sustainable alternative for supplying with energy isolated autonomous farms, 

being more reliable options, since they have more than one electricity generation sources. This article addresses the challenges related 

to the configuration of a hybrid energy system composed of a wind turbine, photovoltaic panels, a diesel generator and rechargeable 

battery storage, which is associated with an autonomous off grid fishing pond. The first step in designing predictive control was to 

define consumers, their particularities in operation, and their energy demand model, then to estimate the real potential of producing 

renewable energy depending on the location and to create consumption models that maximize the use of power from renewable 

resources. 

A consumption management strategy has been developed for an autonomous and automatic fish pond management system, identifying 

optimal energy requirements for the proper operation of the needed equipment. In order to operate as much as possible using the 

regenerative energy resources, a prioritizing energy consumption pyramid was designed and tested and a more efficient technique of 

allocating energy within 24 hours of operation was defined. 
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INTRODUCTION  

 

Modern fish farming is a fast-growing industry, oriented towards intensive agricultural practices that aim to 

maximize yields from available terrestrial and aquatic resources, using various innovative means (Helleik, 2016). 

Compared to other food production chains, aquaculture is considered a more sustainable and environmentally-friendly 

agricultural branch for producing highly nutritious food (Troell, 2017), since fish is a source of high-quality proteins and 

other essential elements for human health (Asumadu-Sarkodie, 2016).  

The latest approaches to sustainable agriculture require more attention to the way farming activities affect the 

environment, because intensive growth practices have raised over time concerns and criticism for various environmental 

impacts (Miljodirektoratet, 2012). One of the main concerns in case of high-performance fishing farms is related to the 

high levels of energy consumed in the operation and management processes, and for the deficiencies in wastewater 

treatment (Bocklisch, 2016).  

In order to improve the identified environmental problems, can choose for the solution of moving the fishing farms 

out from the vulnerable areas or adopting closed systems. Many of the pollution problems generated by the fisheries 

sector can be solved by creating closed systems, but their energy consumption is generally considerably higher. 

Providing power from renewable sources to fishing farms brings several benefits to the environment and may 

generate a high level of autonomy, especially in the case of isolated or large capacity pond.  

The main challenge experienced by project managers when designing renewable energy generation systems is the 

proper sizing of components for different sites, considering the different climatic specificities, dimensions and 

technologies (Podder, 2015). 

The ecological and economic sustainability of renewable energy systems could vary depending on geographical 

conditions and the availability of green energy subsidies (Gan, 2015). Adequate planning of energy supply from 

renewable energy systems that have a low impact on the environment would be an important step towards achieving 

sustainable development of aquaculture (Arikan, 2019). 
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An estimation of the energy demand for a fishing farm can be obtained by considering the intensity of the 

operations, the degree of mechanization, the type or means of production, and the quality and quantity of feed inputs 

(Troell, 2017).  

Improvement in a hybrid power system performance can be achieved by predicting reliable outputs that can 

integrate renewable energy technologies into conventional power generation. Sizing hybrid power generation systems is 

extensively investigated in the literature, using different approaches.  

Significant improvements can be made with regards to energy reductions for the farming processes, by installing 

more economical, more efficient equipment and by producing local energy using renewable sources.  Hybrid energy 

systems meet the electric power demand in a reliable and continuous manner, producing energy using multiple sources. 

The aim of a hybrid energy system is to supply the load uninterruptedly, and to ensure a high level of autonomy (Diab, 

2016). 

The concept of sustainability demands a balance between energy availability, accessibility, economic viability, 

environmental impacts and social interactions (Saheb-Koussa, 2011; Amer, 2013). Energy forecasting is a vital input 

required in the conceptual framework of sustainable energy policies of every farm. Predictive strategies and long-term 

control strategies are often difficult to achieve, since the problem is nonlinear, the sources of renewable energy and energy 

demand are to some extent unpredictable and multivariable (Nottona, 2011; Costa et al, 2018). Difficulties have been 

identified in the elaboration of strategies based on predictive control (Zhu, 2015; Sachs et al, 2016; Maouedja, 2014). In 

their study, Sarkodie et all (2016) proposed a predictive control model that minimizes the cost, having as objectives 

maximizing the use of power from solar and wind renewable resources, and by storing as much as possible power in 

excess. Gan (2015) introduces a model that has been developed as a graphical user interface, and can predict the optimum 

configuration of a hybrid system, paying special attention to the configuration of the battery system. Combining renewable 

energy sources with diesel generation, they obtained a reliable electricity supply with reduced battery storage, or diesel 

requirements. Regarding the sizing efficiency depending on the seasonal climate, a more advantageous option proved to 

be the adding to the system of a fossil fuel-based generation, rather than excessively increasing the photovoltaic or wind 

potential, in order to cope to the difficult months (Celik, 2003). 

One of the recommended applications of the hybrid systems is for remote locations, where it is fundamental to 

combine, integrate, harmonize and coordinate electricity production from different generators. The goal is to design the 

system in such a way as to supply the minimum energy requirement, without oversizing the system. The first concern 

related to renewable energy sources is associated to the fact that they are usually available intermittently. Photovoltaic 

generation of electric power is dependent of the season and can only produce energy during the daytime. A wind turbine 

will only work when the wind reaches a certain minimum level, and there may be long periods when there is no energy 

produced for some geographic areas. The solution for storing excess energy and subsequent use is to use battery banks, 

but this requires a careful management, given the high cost of investment (Garcia, 2013). 

Diesel power generator is an essential element for small scale electricity generation systems, but it has to be used 

only for short time intervals, given the high operating costs. Hybrid systems have been identified as economically 

beneficial solutions, especially for locations where there are significant variations across seasons in terms of wind, 

temperature or solar radiation (Bhattacharjee, 2014; Bocklisch, 2016). Suresh Kumar (2014) noted that most of the hybrid 

energy costs tend to be higher, compared to the option of connecting to the national electricity grid, therefore the solution 

seems to be more viable for autonomous systems located in remote areas. Electric energy generation using the hybrid 

photovoltaic - wind turbines for Bucharest may present pronounced monthly variations, depending on several variables 

such as solar irradiation, temperature value, air density, pressure, and wind speed. This is the reason the proposed system 

was designed with a diesel generator that can produce electricity in case of emergency. 

 

MATERIALS AND METHODS 

 

The present study aims to design an operating strategy for a hybrid energy system, used to power an autonomous 

fish farming system. It was considered the case of a pond populated with juvenile fish, thus the operating conditions are 

more sensitive, and the design of the energy supply has a hazardous potential. 

We proposed the use of a hybrid power supply system composed of a photovoltaic array, a wind turbine, a diesel 

generator, and a lithium ion battery bank. The renewable photovoltaic-wind components have to supply the needed 

energy, while the periods with low production are being covered by the rechargeable battery system. The diesel generator 

is used for emergencies only, or for special situations when batteries cannot cope with consumption, or for a temporary 

unexpected increase in energy demand. The objective was to maximize the use of power from renewable resources, that 

were corelated to the local weather conditions, minimizing as much as possible the use of fossil fuel power. In addition 

to an improved impact on the environment, the aim was to create a design that allows prolonging the life of the 

rechargeable batteries, considering that extending their lifetime is crucial for the economic viability and for energy 

security of the system. 

The analyzed pond is built of reinforced concrete, has the size of 7 meters long, 3.5 meters wide and 2 meters deep, 

being intended for raising juvenile fish (Fig 1). At the time when experiments were performed, the pond was not populated 

with fish. The hybrid power supply system is composed of a number of 8 photovoltaic panels with a maximum power 

Pmax = 310W each (and another 7 panels serving the main pond, which were not considered in the analysis), and a wind 

turbine with the power Pmax = 600 W (Fig 3). The consumers that were powered with electrical energy, associated with 

the pond were: the aerator that provides oxygen to the fish (Fig 4), UV-C sterilizer (Fig 5), an organic mechanical filter 
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for ponds (fig 6), a water recirculation pump, a skimmer for collecting waste from the water surface, sensors, PLC, data 

logger (Fig 7), a display and data processing system, an automatic fish feeding equipment, the lighting system and the 

surveillance system. 

 

    
Figure 1. Configuration of the 

fish farming pond 

Figure 2. Photovoltaic system for 

energy production 

Figure 3. Wind turbine for 

energy production 

Figure 4. Aeration system 

and diesel generator 

 

The unused energy, produced from renewable sources is stored by four solar rechargeable batteries - 12V / 250Ah, 

(Fig. 8). In order for the hybrid system to be able to make the most efficient use of the different renewable resources, it 

must ensure a stable and reliable power generation, and avoid the diesel generator coming into operation. Solar energy 

system cannot provide a continuous source of energy, especially during winter, while the wind system cannot satisfy 

constant load to the turbine, due to different magnitude of wind speed. Therefore, a customization of the hybrid system 

must be made depending on the location and the operating features of the energy consumers. 

 

    
Figure. 5. UV-C sterilizer Figure. 6. Mechanical filter for ponds Figure 7. Automation and 

control system 

Figure 8. Energy storage 

using rechargeable batteries 

 

RESULTS AND DISCUSSION 
 

The control strategy for a hybrid system that powers an autonomous fishing pond is necessary to manage the 

energy exchange between energy sources and the required load, due to the uncertain nature of renewable generation and 

load demand. In stand-alone operating mode, if the power generated is not enough to cover the load, the batteries are 

discharged to provide sufficient power to the system. If the charging demand exceeds the maximum power supply 

generated by the battery system leading to complete discharge, the lack of power is supplied from the diesel generator. 

Identifying the optimal energy requirements for the proper operation of the needed equipment 

In order to obtain the juvenile fishing farm management system autonomy, an operation strategy has to be created 

for the equipment, so that the most important power consumers to be prioritized. 

All devices used have been selected to have a low energy consumption, being adapted for the dimensions and 

constructive characteristics of the fishing pond. In the first phase, the real consumption of each device / equipment was recorded, 

and then was decided the number of hours per day they have to work, avoiding as much as possible the excessive operation.  

Oxygen demand in the fishing pond has to include the respiration rate of the fish, the respiration rate of other 

aquatic organisms thar are found in the water (such as phytoplankton) and the respiration rate of sediments (organic matter 

in the process of decomposition). In the oxygenation process using aeration equipment, the efficiency of oxygen transfer 

from air to water depends on a number of factors such as: bubble size, air flow pumped into water, aeration disc surface, 

pumping depth, etc. Given that young fish consume more oxygen than adult fish (calculated per kg with about 30% more), 

and considering that the aeration system must be dimensioned so as to take over the variation due to the heat and stress 

of young fish, have been selected an equipment with an energy consumption of 30 Wh, operating continuously. 

The water purification system consists of a water recirculation pump, a mechanical filter and a UV-C sterilizer. In 

order not to contaminate the filter with leaves brought by the wind, a skimmer has been installed, having the role of taking 

over the vegetation from the water surface. The purification system can pass all the water from the pond through the filter 

in an interval of about 4 hours, however the chosen economic operation interval was for 3 hours daily. 

It was decided to use an economic monitoring and control system, which needs only 10 Wh continuous energy demand, 

and another extra 120W for two hours per day. The feeding system has been programed to operate using a total energy of 

28 Wh per day. Table 1 summarizes the daily operation approach (for 24 hours) in terms of energy consumption, evaluated 

in an economical way, flattening the consumption peaks as much as possible. The green color highlights the required 

power and the operating hours of the equipment. 

 
Table 1. Assessment of energy consumers in a juvenile fishing growth pond 
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Can be observed the power needs for each operating system, working within the fishing pond (consisting of one 

or more devices/equipment). Starting from the nominal power and the number of operating hours, can calculate and model 

the daily energy consumption, so that the system responds best to the opportunities and established constraints.  

The largest power consumers were chosen to operate during the daytime, when the photovoltaic panels can provide 

energy. The electricity produced will no longer be directed to the batteries, being oriented through a by-pass directly to 

consumers. In this way the batteries can store only the surplus of produced energy, and their degradation process will be 

smaller. Although power consumers need to operate as much as possible during the day, some of them (such as water 

recirculation, filtration and sterilization equipment) are interdependent and need to be turned on at the same time. 

The table indicates that the minimum daily energy designed to be supplied by the hybrid system should not be less 

than 2653 Wh, for 24 hours. A significant illustration is shown in Fig. 9., that highlights peak energy consumption for 24 

hours. In the case of autonomous systems, it is very important to identify the optimal energy allocation to equipment, 

according to the importance. The hierarchy was analyzed, the results being highlighted in Fig. 10. 

 

  
Figure 9. Determining the maximum power that has to be 

covered by the hybrid photovoltaic-wind system 

Figure 10. Building a prioritizing pyramid for the operation of 

the equipment associated to the pond 

 

It can be seen that the minimum daily energy consumption designed to be supplied by the hybrid system must be 

2653 Wh, for 24 hours. If the renewable energy sources (photovoltaic and wind) will not be able to cover the necessary, 

then the power will be taken from the energy stored during periods of overproduction from the rechargeable batteries. 

When the batteries give all the available energy, then the diesel generator will start operating. 

The pyramid that ranks according to importance, the supply of electricity, have been divided into 5 main functions. 

The most important function is aeration, because without an optimal amount of oxygen the fish could die in a short time 

(depending on the species), and in second place is the automatic feeding system. Being designed as an automatic system, 

the monitoring of the basin is considered as the third most important function, because depending on the recorded values, 

operation commands are transmitted to the other systems (filtration, water recirculation, sterilization, etc.). Auxiliary 

systems such as lighting and surveillance system are of the least importance and have been programmed to shut down 

first if the system automatically identifies a problem in power generation for the next few hours. 

Only the photovoltaic-wind system has been calculated, because renewable energy should cover as much as 

possible of the operating needs, while the diesel generator should take over the emergencies and temporary deficits.  

The solar radiation, depending on the specific geographical locations, follows the normal logarithmic PDF, with 

the mean λ and the standard deviation σ of the natural logarithm of the variable as follows:  

𝑓𝐺(𝐺) =
1

𝐺 ⋅𝜎⋅√2𝜋
 ⋅ 𝑒𝑥𝑝{

− (𝑙𝑛𝐺−𝜆)2

2⋅ 𝜎2  }, 𝑓𝑜𝑟 𝐺 > 0        (1) 

,where G is the solar radiation. 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

Water recirculation pump

Organic mechanical filter for ponds

Skimmer 70 W 70 70 70 70 280

UV-C sterilizer 75 W 75 75 75 225

Pond water 

aeration system
Aerator for fish ponds

30 W 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30
570

Sensors, PLC, data logger 10 W 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 240

Display and data processing system 120 W 120 120 240

Automatic fish 

feeding system
Automatic fish feeding eaquiment

7 W 7 7 7 7
28

Lighting system 20 W 20 20 20 20 20 20 20 20 20 20 200

Surveillance system
20 W 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20

480

80 80 80 80 80 120 235 67 60 180 180 235 137 130 60 60 60 235 107 60 80 80 87 80 2653 Wh

Wh

130
390 Wh

Wh

Wh

Wh

130

Hourly energy consumed by the installed equipment

Auxiliary systems 

(lighting and 

surveillance)

130

Monitoring and 

control system

Water filtration, 

sanitation and 

recirculation system 

in the pond

130 W

System Equipment
Equipment nominal 

power

Operation hours  in one day (24 h)

Total daily energy 

consumption per 

equipment 
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The output power of the photovoltaic panel depends not only on solar radiation, but also on the ambient 

temperature, wind speed and the performance of the module itself. The hourly output power of the photovoltaic system 

can be calculated by the equation: 
 

𝑃𝑃𝑉  = 𝜂𝑃𝑉,𝑆𝑇𝐶  ⋅ [1 + 
𝜇

𝜂𝑃𝑉,𝑆𝑇𝐶
 ⋅  ( 𝑇𝑎  −   𝑇𝑆𝑇𝐶) + 

9.5⋅𝜇⋅(𝑁𝑂𝐶𝑇−20)⋅(1−𝜂𝑃𝑉,𝑆𝑇𝐶)

800⋅𝜂𝑃𝑉,𝑆𝑇𝐶⋅(5.7+3.8⋅𝜈)
 ⋅   𝐺𝑔 ] ⋅  𝐴 𝑃𝑉 ⋅ 𝐺𝑔     (2) 

 

where PPV is the hourly output power of the photovoltaic system (W), 𝜂𝑃𝑉,𝑆𝑇𝐶  is the efficiency of the photovoltaic module 

under standard test conditions (STC) (%), μ is the temperature coefficient of the output power (% / ° C), Ta is the ambient 

temperature (° C), TSTC is the temperature of the standard test conditions (25 ° C), ν is the wind speed (m / s), NOCT is the 

nominal operating temperature of the photovoltaic cell (°C), APV is the grid area photovoltaic associated with the peak power 

(m2), and Gg is the global solar radiation on the inclined surface (W /m2). 

 

Using the data obtained from our internal weather station and a pyranometer equipment, have been drown the 

monthly averages of the daily radiation level for Bucharest (Fig. 11), the annual average of the daily solar radiation 

produced being 56% of the maximum installed theoretical power. 

 

 
 

Figure 11. Monthly averages of the daily radiation levels for Bucharest, for year 2020. 

 

Other evaluated data that influence photovoltaic energy production were: monthly average sunny hours and days 

for Bucharest (Figure 12), monthly average cloud cover and air humidity (Figure 13), and monthly average temperatures 

(Figure 14.). 

 

   
Figure. 12. Monthly average sunny hours and 

days for Bucharest, Romania 
Figure. 13. Monthly average cloud cover 

and air humidity for Bucharest, Romania 
Figure. 14. Monthly average 

temperatures for Bucharest, Romania 
 

Using equation (1) and the information discussed in the figures above, the photovoltaic system was dimensioned 

to a number of 10 panels, each having a maximum installed power of Pmax = 310 W, and Isc = 10,226 A. The real energy 

provided by the photovoltaic system daily and monthly depending of the moon, are highlighted in Fig. 15 and Fig. 16. 

 

  
Figure. 15. Daily energy production using photovoltaic system 

(average for 12 months) 

Figure. 16. Monthly energy production using photovoltaic 

system (for 12 months) 
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The generating power of the wind turbine in a certain place is correlated with the wind speed at a certain rotor 

height and the wind characteristics in association with the turbine. Therefore, wind speed measured at a reference height 

should be converted using the logarithmic step as in equation (3). 

𝑣 =  v𝑟𝑒𝑓  ⋅ 
ln (

h

z0 
)

ln (
h𝑟𝑒𝑓

z0 
)
     (3) 

 

 where vref is the measured wind speed at the reference height (m / s), h is the actual height (m), href is the reference height 

(m), and z0 represents the surface roughness length (m). 

 

However, the Weibull probability distribution function is widely used to express the wind speed distribution at 

a certain rotor height, depending on the form factor k and the scale factor c (m/s) as in equation (4). 
 

𝑓𝑣(𝑣) =
𝑘

𝑐
 ⋅ ( 

𝑣

c
 )𝑘−1  ⋅  exp[−(

𝑣

c
)𝑘], for 0 < v < ∞    (4) 

 

For the wind energy production system, we opted for a wind turbine with a working power of 600 W. In figure 17 

can be seen the variation of the monthly wind speed, recorded for year 2020. However, the operating performance of the 

wind turbine proved to be much lower, the average energy produced per month being in the range of 17-27% of the 

nominal values of the system. The average daily value recorded was 1320 Wh / day, but it should be noted that there were 

days when the wind turbine did not work at all. 

 

  

Figure 17. The variation of the monthly wind speed, for year 2020 Figure 18. Energy production efficiency for the wind turbine, 

for the year 2020 

 

All the extra energy generated by the wind is stored in the battery system, and is consumed during the winter, 

when the photovoltaic system fails to provide the minimum requirement of 2700 Wh. The diesel generator is provided as 

a back-up for emergencies, when management problems occur, it can generate energy for the operation of the pond 

equipment for 2 days. 

 

CONCLUSIONS 

 

This paper is part of an extensive research that aims to bring renewable energy closer to fish farming ponds, in 

order to better protect the environment and save energy. The proposed power generation system has proven to be able to 

support total energy consumption, however we identified the need to install an additional diesel back-up system that can 

replace renewable systems in the short periods of lack of power generated. 

A consumption projection was made according to the nominal power of each consumer associated with the fish 

pond. Tested in real operating conditions, the assessment of energy consumption has been proven to keep energy peaks 

at very low values, so that the power stored in the rechargeable battery system is not exceeded. This also allowed enabling 

the optimal operating hours for each equipment and to frame the 24 hours consumption in the power generated by the 

hybrid system.  

The analysis of energy production using the hybrid system, for the climatic conditions of the city of Bucharest 

showed that the association of a photovoltaic system with a wind generator brings important benefits to the autonomous 

ponds functioning. Although photovoltaic panels are more reliable in producing a constant amount of energy during the 

day, wind turbines allow additionally energy to be stored in batteries during periods of high wind, bringing a considerable 

operational surplus.  

The main output of the study was determining the maximum power that has to be covered by the hybrid 

photovoltaic-wind system, followed by the construction of a prioritizing pyramid for the operation of the equipment 

associated to the pond. This creates the chance for a more efficient and reliable system management and a more secure 

approach. 
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