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Summary. The paper presents various ways to 

accumulate the energy converted from the solar radiation 

in the electrical form: electrochemical batteries, grid 

storage, elevated water tank, hydrogen production and 

supercapacitors which are suitable for use in agriculture 

or rural areas. Along with the basic presentation, the most 

recent developments in each area are presented. 
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INTRODUCTION 

 

The solar energy reaching the Earth is much higher 

than we need. The main difficulty on the way to its wider 

use is high variability. This determines the need to 

provide a way to store the energy for the time when the 

Sun is not shining over a particular region or the radiation 

is not sufficient. 

Handling variability – the main problem in utilization 

of solar radiation – by inventing new and improving the 

already known ways to store the harvested energy, 

especially over long time periods with increasing cost-

effectiveness will lead to much broader use of this type of 

renewable energy. The purpose of this paper is to review 

various ways to accumulate the energy from photovoltaic 

(PV) sources with emphasis on recent developments and 

focus on the technology that can be used in agricultural 

production and rural areas. 

PV cells are electronic devices which directly convert 

the light into electricity in the form of a direct current. 

Their main part is a semiconductor forming a p-n junction 

in which the generation of electron-hole pairs (via the 

photovoltaic effect) and charge separation (due to the 

electrical field existing in the p-n junction) takes place. 

There are various materials used for PV cells: silicone 

(monocrystalline, polycrystalline, amorphous), cadmium 

telluride, copper indium gallium selenide, organic and 

polymer. Detailed information about various aspects of 

application of PV technology can be found in [19]. 

There are also devices which convert the solar energy 

both to PV and ST. They are a combination of a PV panel 

and ST collector [48]. This kind of hybrid collector 

benefits from the fact that PV cells have higher open 

circuit voltage (which also means higher maximum 

power) at lower temperatures [23, 32, 52].  

 

 

ENERGY STORAGE FOR PV 

 

Batteries 

Chemical batteries demonstrate the most popular 

technology in photovoltaic energy storing with lead-acid 

type as the most widespread and least expensive solution 

to households compared to other batteries [17]. Usually 

they are gel type batteries optimised for a long and deep 

discharge cycles contrary to automotive batteries which 

are constructed to provide high current for a short time. 

Another commonly used type are Li-ion batteries. Table 1 

shows that Li-ion batteries outperform lead-acid ones, 

with price as a major disadvantage. Other battery types 

include nickel-based (Ni-Cd, Ni-MH, Ni-Zn) and sodium-

sulphur batteries. 

 

Table 1. Comparison of basic parameters of lead-acid and 

Li-ion batteries, based on the data from [53] 

 

Parameter 
Lead-acid 

battery 

Li-ion 

battery 

Calendar life (years) 5-15 20 

Capital cost (USD/kWh) 50-200 800-1000 

Energy efficiency (%) 75-80 Nearly 100 

Cycle life (cycles) 1800 over 5000 

Energy density (Wh/kg) 30 150-200 
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A PV system with storage batteries should also consist 

of a charge controller (often equipped with a maximum 

power point tracker to increase efficiency) which protects 

the battery from overcharging or some other overcharge 

protection like diversion controller and a deep discharge 

protection (load controller) that disconnects the load when 

the minimum battery voltage (or state of charge) is 

reached. 

The batteries in a PV system can be used in a stand-

alone system to provide energy when the production from 

generator is lower than load requirement or in a grid-

connected system as a buffer which increases self-

sufficiency as discussed in [14].  

There are various criteria that can be used in the 

evaluation and sizing of PV systems. Khatib et al. define 

the following technical parameters: loss of power supply 

probability, loss of load probability, loss of the load 

expected, equivalent loss factor, total energy loss, state of 

charge, level of autonomy and economic parameters such 

as: net present value, annualized cost of a system, total 

life cycle cost, capital recovery factor, average generation 

cost of energy, levelized cost of energy [22]. 

Rahrah et al. use a Matlab/Simulink environment to 

analyse a PV pumping system with battery storage and 

various MPPT algorithms: perturbation and observation, 

fuzzy logic controller and neuro fuzzy algorithm [42]. 

They conclude that the neuro fuzzy algorithm behaves 

better to other methods in terms of response time and 

error. 

The PV generator is sometimes coupled with other 

energy sources and storage battery in order to diversify 

energy sources. Serir et al. propose an energy 

management for a system consisting of PV and wind 

generator [44]. The system can operate in five modes, 

depending on the relationship between power supplied by 

the solar arrays, wind turbine, power demanded by the 

load and the battery state of charge. Also, three MPPT 

methods are considered with adaptive fuzzy logic 

controller performing better than other algorithms.  

PV with battery storage proved to be an attractive 

solution for rural electrification in various countries like 

India [20], Morocco [10], New Zealand [31], Sweden [37] 

and other. 

 

Grid storage 

The electrical grid is sometimes regarded as a storage 

option for the PV installations. It should be remembered 

that this is not a storage in the physical sense (the surplus 

energy has to be used or stored and lacking energy must 

be produced in other parts of the grid at the same time). A 

DC to AC inverter, usually with a maximum power point 

tracker, is necessary in such a system.  

Typically, these setups are used to decrease electricity 

cost on the farm by covering own energy requirements 

and selling the excess energy to the electricity distributor.  

Kumar and Verma have demonstrated the properties 

of a PV pumping system with grid power backup [24]. 

The reliability of a conventional centrifugal pump 

powered from an induction motor is increased as the PV 

system can work in an islanded mode in case of the grid 

failure. Bey et al. present a grid-connected system 

providing electricity to a dairy farm in Algeria which is 

able to entirely cover the electrical energy needs [4].  

 

Elevated water tank 

In the pumping systems, the water can be stored in an 

elevated tank which will fulfil irrigation and drinking 

water needs when the solar irradiation is too low for a 

pump to operate.   

Kumar et al. have developed a micro-irrigation system 

with battery and water tank used as storage located in 

south-central India [25]. The system consists of a 148 W 

solar panel, charge controller, 50 Ah 12 V battery, 

inverter, small (110 W electrical power) AC pump, 1000 

L overhead tank and a micro-tube irrigation system. It has 

the capability of watering small, 18 m x 6 m plot of land.  

Valer et al. have presented an economic analysis of 

variable speed drives in photovoltaic pumping systems 

with water storage in a tank compared to a diesel pump 

system [51]. The main advantage of the diesel system is 

lower investment cost. In the long term it is cheaper to 

use a PV-powered pump due to significantly lower 

maintenance costs.  

Muhsen et al. have proposed a differential evolution 

based multi-objective optimization algorithm for 

photovoltaic water pumping system used to supply 

drinking and irrigation needs for 120 people in Malaysia 

[34]. The criteria used – loss of load probability and life 

cycle cost – are contradictory to one another therefore 

requiring multi objective optimisation. The input 

parameters (decision variables) were size of the storage 

tank, number of PV modules and PV generator 

configuration.  

Stoppato et al. have presented a particle swarm 

optimization approach to the optimization of a PV 

pumping system with battery storage, elevated water tank 

and a backup internal combustion engine [46]. The goal 

of the optimization was to minimise  the cost of the 

system when both solar energy and the diesel generator 

can be used.  

Some researchers are working upon adapting pumped 

storage, the technology well known in the traditional 

energy sector, for application in the photovoltaic sector 

[28–30]. Still, this technology is considered as suitable 

rather for larger scale energy needs. 
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Hydrogen production and utilisation 

The energy acquired by the PV generators can be 

stored in a chemical form by hydrogen production in the 

process of water electrolysis, which can be expressed by 

the following equations [7]:  

 

 H2O(l) + Energy → ½ O2(g) + H2(g) , (1) 

 

 H2 + ½ O2 → H2O(l) + Electrical Energy + Heat . (2) 

 

The total energy released in reaction (2) is equal to the 

hydrogen heat of combustion (285.8 kJ/mol).  

The hydrogen storage has an advantage of high 

gravimetric energy density and small loss over a long-

term storage. The main disadvantage is low volumetric 

density if stored under standard conditions [5].  

The two main technologies which are used in 

connection with photovoltaics are alkaline and Polymer 

Electrolyte Membrane (PEM) electrolysers. The alkaline 

type is made of two electrodes separated by a diaphragm 

and immersed in a potassium hydroxide aqueous solution. 

The direct current flows between the electrodes and 

results in the dissociation of water into hydrogen and 

oxygen. On the cathode, the water is reduced to hydrogen 

and hydroxide ions and on the anode the hydroxide ions 

are oxidised to oxygen and water [50].  

Cho et al. have analysed solar-powered 

electrochemical treatment of wastewater [12]. The side 

effect of the procedure is production of hydrogen. 

In [49] the authors investigate energy balance of a 

conventional alkaline electrolyser coupled with PV and 

wind energy sources. Two configurations are considered. 

In the first one the hydrogen is produced, stored and 

distributed for later use. In the second option, short-term 

energy storage is provided by batteries and 

supercapacitors. The energy is also produced by fuel 

cells. The first option has revealed limitations: lower limit 

of operating current is violated, which may result in the 

formation of flammable hydrogen-oxygen mixture. Also, 

the number of start-ups is too large and may result in a 

shortened lifetime of the electrolyser. The application of 

short-term storage reduces the drawbacks.  

Khalilnejad et al. have used a genetic algorithm for 

multi-level optimisation of a directly coupled PV – 

alkaline electrolyser set [21]. The optimization goal is the 

maximum production of hydrogen with minimum excess 

PV power production and minimum power transfer loss. 

The analysis shows that with a proper sizing of the PV 

array, the operating points of the electrolyser lie near the 

maximum power points of the array, so addition of a 

MPPT improves the performance only marginally. 

Similarly, a study by Rahim et al. shows that by changing 

the number of  electrolyser cells connected in series it is 

possible to achieve near-maximum power point operation 

[41]. 

The main part of a typical PEM water electrolyser is a 

membrane electrode assembly with perfluorosulfonic acid 

polymer used for membrane, platinum or Pt-IrO2 based 

alloy for anode and platinum for cathode [13].  The 

advantages over the alkaline type include: compact 

construction, no hazardous chemicals used, higher current 

densities, quick response to changes in the power input. 

The hydrogen produced has high purity [1]. 

Laoun et al. have presented a detailed model of a 

polymer electrolyte membrane electrolyser and analyse its 

performance when directly coupled to a PV module [26]. 

It can be used to evaluate influence of the temperature and 

pressure on the voltage required for electrolysis, hydrogen 

production rate and the electric power needed.  

Su et al. have modeled a concentrated PV system with 

a PEM electrolyser and presented its experimental 

validation [47]. The use of a V-trough type concentrator 

results in increasing hydrogen production by 100 % as 

compared to the same array without concentrator.   

Belmonte et al. have compared a PV system with Li-

ion type batteries to another one with electrolyser/fuel cell 

hydrogen storage in terms of life cycle assessment [3]. 

They are designed to provide maximum power of 3 kW 

with daily average utilisation of 10.25 kWh in the area of 

Turin, Italy. The study has shown that because of the 

electrolyser energy requirements, the hydrogen-based 

system demands higher power of the solar generator. As a 

novel and less mature technology it is also more 

expensive, however the environmental burdens are lower. 

In the paper by Burhan et al. multi-variable design and 

multi-objective optimisation strategies for a stand- alone 

operation of the concentrated PV system with hydrogen 

storage is proposed [8]. Models of main components, 

including concentrated PV, alkaline electrolyser, PEM 

fuel cell, hydrogen compressor and hydrogen storage tank 

are presented. The optimisation objectives to be achieved 

are zero power supply failure time and minimum total 

cost of the entire system. The authors employ a micro 

genetic algorithm. In the optimised system the largest 

share of the cost belongs to the electrolyser (51 %) and 

components of the concentrated PV subsystem (35 %). 

Other components include hydrogen storage (7 %), fuel 

cell (4 %), oxygen storage (2 %) and compressor (1 %).  

Oruc et al. have described a PV panel which is 

integrated with a water electrolyser [38]. Main part of the 

energy generated by the panel is fed to the grid. Smaller 

part is used to produce hydrogen from the water. The 

electrolyte also functions as a heat transfer medium and 

carry the thermal energy to a heat exchanger of a storage 

water tank. The advantage of the proposed design is that 

the excess thermal energy is not wasted but used to 
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increase the temperature of the medium and thus 

enhancing the reaction kinetics of the electrolysis and to 

heat water in the storage tank. Another advantage is that 

by decreasing the module temperature, its efficiency is 

increased.  

The fuel cells reverse the process which takes place at 

electrolysis: hydrogen and  oxygen form water and 

electrical energy plus heat. There are various types: 

alkaline, phosphoric acid, molten carbonate, solid oxide 

and Proton Exchange Membrane (PEM) cells. The 

general construction of the latter is the same as of the 

PEM electrolyser. The electron is removed from the 

hydrogen molecule at the anode catalyst layer. The 

electrons flow through the electrical circuit (load) doing 

electrical work and the hydrogen ions (protons) pass 

through the proton exchange membrane, which should 

block electrons and reagents. On the catalyst layer of the 

cathode, the oxygen molecule is transformed into two 

oxygen atoms. The oxygen reacts with the protons and 

electrons coming from the external circuit to form water.  

The PEM fuel cells reveal important advantages in 

vehicle applications over other fuel cell technologies like 

phosphoric acid, molten carbonate and solid oxide cells. 

They have a small size, high specific power, low 

operating temperature, simple design and long lifespan 

[27]. 

Özgirgin et al. have simulated the performance of a 

hybrid system consisting of PV module (various sizes 

analysed), storage battery, 4.7 kW PEM water 

electrolyser, and a 1.2 kW PEM fuel cell designed to 

power a detached house [39]. The waste thermal energy 

from the fuel cell is used to produce domestic hot water 

and heat the house. The system is simulated for 

conditions of Ankara (Turkey). The results show that 

between March and October there is no need to buy 

electricity from the grid and the excess energy can be 

sold. 

The main obstacle on the way to broader use of the 

fuel cell technology is its high price. The main reason is 

still low production scale. The US Department of Energy 

already in 2013 stated that the projected a price of a 

80 kW automotive PEM fuel cell system to be 

67 USD/kW with production rate of 100 000 units per 

year [45].  

 

Supercapacitors 

Supercapacitors, known also as ultracapacitors are 

electrochemical devices capable of accumulating high 

electrical charges due to their high capacitance. They are 

made of two electrodes with an electrolyte-soaked 

separator between them. The electrodes can be produced 

from activated carbon with typical area of 2000 m
2
/g [43]. 

Their main advantage is high endurance to cycling and 

low internal resistance, which is constant during 

discharging. They also offer specific energy up to 7 

kWh/kg and power density up to 3 kW/kg [2]. 

González et al. have presented a strategy called 

Energy Modulation to improve the efficiency of a grid-

connected PV system at low irradiation [16]. The strategy 

involves application of supercapacitors bank to temporary 

store the electrical energy in order to keep operating point 

of the PV generator near the maximum power point. This 

approach is verified both by numeric simulation and in-

field experiment.  

Cabrane et al. have used a Matlab/Simulink 

environment to model a hybrid battery – supercapacitor 

storage in a PV system in various configurations 

including passive parallel, parallel with bidirectional 

buck-boost converter [9]. The latter configuration has 

three variants: with supercapacitors connected directly to 

the load and battery via the converter, batteries connected 

directly to the load and supercapacitors via the converter 

and with both batteries and supercapacitor connected to 

the load through the converter. The authors conclude that 

the benefit of applying supercapacitors in conjunction 

with batteries results in lower charge/discharge battery 

current levels and reducing current stress on the battery. 

A similar idea has been applied by Pavković et al. to 

improve performance of a DC microgrid with intermittent 

renewable energy sources [40]. In this paper both battery 

and ultracapacitor bank are connected through DC/DC 

converters. The proposed control strategy assigns short-

term load to the capacitor bank and the battery provides 

steady-state current.  

Narayanan et al. have designed and manufactured a 

solar powered supercapacitor [35]. It is a combination of 

a plasmonic quantum dot solar cell and a multiwalled 

carbon nanotubes – based supercapacitor. The device 

successfully integrates the function of energy conversion 

and storage. Ng et al. have reviewed the potential active 

materials that can be used [36]. 

 

 

CONCLUSIONS 

 

In order to evaluate the dynamics of the research 

carried out in the field of energy storage technologies two 

keyword searches have been performed in the Scopus 

database: publications and patents. The keywords used 

were: supercapacitor OR ultracapacitor, fuel cell, lead-

acid batteries, li-ion batteries. Tables 2 and 3 present the 

result of the search. 
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Table 2. Number of publications related to selected keywords 

 Number of publications (fraction of publications in the previous year) 

2010 2011 2012 2013 2014 2015 

supercapacitor 364 (1.23) 485 (1.33) 709 (1.46) 1042 (1.47) 1502 (1.44) 1906 (1.27) 

fuel cell 4135 (1.12) 4455 (1.08) 4092 (0.92) 4098 (1.00) 4248 (1.04) 4947 (1.16) 

lead-acid batteries 171 (0.94) 225 (1.32) 191 (0.85) 219 (1.15) 210 (0.96) 105 (0.50) 

li-ion batteries 401 (1.46) 585 (1.23) 720 (0.91) 655 (1.16) 762 (0.90) 684 (0.72) 

 

Table 3. Number of patents related to selected keywords 

 Number of patents (fraction of patents in the previous year) 

2010 2011 2012 2013 2014 2015 

supercapacitor 393 (1.37) 483 (1.23) 523 (1.08) 618 (1.18) 672 (1.09) 879 (1.31) 

fuel cell 7955 (1.06)  9128 (1.15) 9698 (1.06) 11022(1.14) 11637(1.06) 11538(0.99) 

lead-acid batteries 443 (1.14) 537 (1.21) 576 (1.07) 696 (1.21) 816 (1.17) 874 (1.07) 

li-ion batteries 505 (1.17) 854 (1.69) 1050 (1.23) 1361 (1.30) 1658 (1.22) 1663 (1.00) 

 

 

The greatest number of publications and patents have 

been related to fuel cells. There is also a remarkable 

number of publications in the field of supercapacitors. 

The greatest dynamics can be observed for publications 

on supercapacitors (especially in the years 2011-2014). A 

rapid growth of publications on li-ion batteries can be 

seen in the year 2010 followed by increased number of 

patents in 2011.  Currently, no big progress is being made 

in the area of lead-acid batteries – the technology is now 

mature and well-established.  

The rural areas are very promising for the 

development of renewable energy sources. Usually there 

is plenty of space for ST/PV collectors and energy 

storage. Additionally, modern farms need to be pollution-

free and environment-friendly. The use of solar energy 

greatly helps in achieving these expectations.  

In this review paper various ways of solar energy 

storage have been presented with particular focus on 

recent developments.  

Electrochemical batteries, grid storage, elevated water 

tank, hydrogen production are the technologies which are 

already being used to accumulate PV energy in the 

agricultural sector. Zaghib et al. have given a review of 

many other electrical energy storage technologies, 

including flow batteries, flywheels and pumped storage 

hydroelectricity [53], however  their use in the agriculture 

is currently none or very limited.  

There are numerous examples of PV systems without 

energy storage [6, 11, 15, 18, 33], however when some 

provision for accumulation is given, the operation of the 

installations is improved in most of the cases.  
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