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ABSTRACT 
 
Variability and intermittency are some of the main 
features that characterize renewable energy sources. 
Intermittency usually includes both predictable and 
unpredictable variations. The many drawbacks of 
intermittency of renewable sources can be overcome 
by considering some special design considerations. 
Integrating more than one renewable energy source 
and including backup sources and storage systems are 
among the few measures to overcome these 
drawbacks. These additional design considerations 
usually increase the overall cost of the renewable 
system. Furthermore, the presence of more than one 
energy supply/storage system requires the control of 
energy flow among the various sources. Therefore, 
optimizing the size of the components and adopting 
an energy management strategy are essential to 
decreasing the cost of the system and limiting its 
negative effects. The energy management strategy is 
commonly integrated with optimization to ensure the 
continuity of load supply and to decrease the cost of 
energy production. Therefore, energy management is 
a term that collects all the systematic procedures to 
control and minimize the quantity and the cost of 
energy used to provide a certain application with its 
requirements. The energy management strategy 
usually depends on the type of energy system and its 
components. Various approaches and techniques have 
been used to develop a successful energy management 
strategy. In this paper, a comprehensive review of the 
different combinations and approaches proposed and 
used by authors of many papers are conducted. These 
approaches include both the standalone hybrid 
renewable energy systems and the grid-connected 
hybrid renewable systems. The selected papers in this 
review cover the various configurations of the hybrid 
renewable energy systems for electric power 
generation only. 

KEYWORDS: Standalone hybrid system, Grid 
connected hybrid system, fuel cell, solar cell, wind 
turbine. 

I.    INTRODUCTION 

The past few decades have shown an accelerated 
global effort in the development of renewable energy 
sources and the associated technologies that serve 
them as energy is now recognized as a strategic 
sector. Governments all over the world have adopted 
new regulations and policies encouraging the 
employment of renewable energy technologies. These 
efforts include promoting renewable energy 
technologies, improving the efficiency of energy use, 
and establishing energy conservation plans alongside 
their related legislative actions [1], [2], [3], [4] and 
[5]. The development has covered various renewable 
energy sources, backup sources, and storage systems. 
Combining them with conventional sources to supply 
isolated loads or mini-grids located far from the main 
grid is the solution to ensure the continuity of supply 
because of the intermittent nature of renewable 
sources. An energy system that uses more than one 
energy source is called a hybrid system. If renewable 
energy sources are chosen appropriately for each 
geological location, the need for fossil fuel will be 
considerably reduced, thus leading to an increase in 
power supply sustainability, especially in countries 
that depend on external sources to supply different 
types of loads [6], [7], [8] and [9]. Integrating 
conventional sources with renewable sources can 
improve the reliability of the electrical power system, 
especially in difficult environmental conditions, and 
also reduce the limitations of renewable sources and 
open markets for investment that otherwise may not 
exist [10] and [11]. 

Matching renewable generation intermittency to 
demand in an electricity supply system was the 
reintroduction of the Energy Storage System (ESS) 
technologies in the power systems. Besides storing 
and smoothing renewable power, there are numerous 
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advantages related to the advent of ESSs in the power 
systems. ESSs can increase power system operation 
and planning resiliency and efficiency by means of 
many applications including: 

 Energy time shift 
 Supply capacity 
 Load following 
 Area regulation 
 Fast regulation 
 Supply spinning reserve 
 Voltage support 
 Transmission congestion relief 
 Transmission and Distribution upgrade deferral
 Power quality 
 Renewable energy time shift 
 Renewable capacity firming 
 Renewable energy smoothing 
 Service reliability 
 Black-start 

 
Despite numerous research efforts in order to improve 
ESS capabilities over the past decade [12], a perfect 
ESS technology that copes the drawbacks in terms of 
all aspects is not to be expected to develop in the near 
future. On the other hand, particular ESS applications 
require a combination of energy and power rating, 
charge and discharge time, life cycle, and other 
specifications that cannot be met by a single ESS 
technology. In order to increase the range of 
advantages that a single ESS technology can offer and 
at the same time enhance its capabilities without 
fundamental development of the storage mechanism 
and only via complementary use of the existing ESS 
technologies, more than one ESS technologies can be 
hybridized [13]. 

II.   ESS in Hybrid Power System 

The role of ESSs is very important in growing 
renewable energy systems (RESs) penetration level, 
controlling the frequency, upgrading the transmission 
line capability, mitigating the voltage fluctuations and 
improving the power quality and reliability [14]. ESS 
acts as a regulator that manages the fluctuations of 
electricity from RERs as RERs are not predictable. 
These fluctuations have limited the penetration of 
RERs in the DGPs. A huge and reliable storage 
capacity can provides an opportunity to highly exploit 
intermittent nature renewable resources in 
collaboration with power grids to meet the 
requirements for a more sustainable future [15].With 
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provide ‘ride through’ for momentary power 
outages, reduce harmonic distortions, and 
eliminate voltage sags and surges.

 ESSs are also required to eliminate the need for 
part-loaded main plant which is held in readiness 
to meet sudden and unpredicted demands, as well 
as power emergencies which arise from the failure
of generating units and/or transmission lines.
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The electrical energy can be saved only by converting 
it to others form of energies like mechanical energy, 
chemical energy, electro-chemical energy, thermal 
energy, elctro-magnectic energy etc [16]. In Figure.2 
the different methods of energy storages according to 
their form of energy are classified.
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III.   Renewable and sustainable energy 
development 

 

At present, more mature and reliable renewable 
energies are on the rise and competitive to the 
conventional energy sources. Shore wind, solar, 
concentrated solar, geothermal, marine energy, and 
bio-energy are on track; and in some circumstances, 
they have overcome the economic constraints. The 
share of renewable energy sources in the global final 
energy consumption is increasing. 

In 2012, renewable energy provided an estimated 19% 
of the global final energy consumption, and it 
increased to 23.7% in 2014. The year 2015 has been 
an extraordinary year for renewable energy, with the 
largest global capacity additions seen to date. It has 
been observed that, among various renewable energy 
sources, the hydropower share is on the top at 16.6% 
of the total 22.7%, while the wind, biopower, and 
solar power shares are 3.7%, 2.0% and 1.2%, 
respectively. Other renewable energy sources, 
concentrated solar photovoltaic, marine, geothermal, 
and others contribute to only 0.4%. 

It has been reported in the global status report (GSR) 
on renewable in 2016 that the most significant growth 
in sustainable energy occurred in the power sector 
with the global capacity exceeding 1560 GW 
(including small hydropower). The investment on the 
renewable energy resources has also increased 
significantly over the last ten years. A summary of the 
investment over last 12 years is shown in Fig. 2. A 
total of 40billion USD was invested by global 
investors in the field of renewable energies in 2004. 
The investment kept on increasing and reached 
279billion USD in 2011; but after 2011, it began 
decreasing. This decline is due to the drastic reduction 
in technology costs especially for solar PV, which 
saw a record of new installations in despite a 
reduction in dollar investment. 

 

Fig. 2 Developed and developing countries 
investment in renewable energies 

A considerable shift in the global perceptions of 
renewable energy has been observed since 2004. The 
rapid progress in the technological field of several 
renewable energy technologies in the last decade has 
shown that their potential is achievable. Renewable 
energies have advanced closer to realizing that 
potential within the last decade and many technologies 
are at par with conventional energy generation 
technologies. According to GSR-2016, in terms of the 
total installed renewable power capacity, China, the 
United States, Brazil, Canada and Germany remain the 
top countries. China, the United States, and Germany 
were the also the top countries for non-hydrogen 
capacity and are followed by Spain, Italy, and India. 
From an investment point of view, Mauritania, 
Honduras, Uruguay, Morocco, and Jamaica were 
among the top countries for investment in new 
renewable power and fuels relative to the annual GDP. 

A. Energy management strategies in standalone 
hybrid renewable energy systems 

This section reviews the various energy management 
approaches used in standalone hybrid renewable 
energy systems. Some of the reviewed studies in this 
section used linear programming to implement energy 
management, and others used intelligent techniques. 
The following two sections present the reviewed 
studies that used these two approaches to implement 
energy management for standalone hybrid systems, 
respectively. 

Dursun and Kilic [27] examined the performance of 
three developed power management strategies for a 
standalone hybrid power system consisting of 
PV/wind/PEMFC, where the PV and wind source 
serve as the main supply and the PEMFC serves as a 
backup source. The strategies aimed to increase the 
operation of the fuel cell (FC) membrane and to 
ensure the continuous flow of energy in the hybrid 
system. In this study, the authors evaluated battery 
efficiency using the developed power management 
strategies in a Matlab/Simulink control algorithm in 
consideration of the battery state-of-charge (SOC) and 
the excess power from the main source (wind and PV) 
after meeting the load demand. In the first strategy, 
whenever the battery SOC is within the specified limit 
and excess power from the main source is available, 
the battery discharges and the excess power is made 
to run the electrolyzer. However, when the battery 
SOC is less than the minimum and no excess power 
from the main source is available, the FC operates to 
supply the load and charge the battery. In the second 
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strategy, the developed algorithm indicates that when 
the battery’s SOC is within the specified limit and no 
excess power from the main source is available, the 
FC is disabled and the battery discharges; however, 
when the battery SOC is less, the battery charges. The 
third strategy specifies that when the battery SOC is 
within the specified limit and excess power is 
available from the main source, the excess power is 
made to operate the electrolyzer and charge the 
battery. However, when the battery’s SOC decreases 
below the limit or when excess power from the main 
source is available, the FC operates to supply the load 
and charge the battery. 

Out of the three strategies, the third developed 
algorithm was found to produce the best results in 
terms of battery efficiency with an efficiency rating of 
about 85%. 

B. Energy management based on intelligent 
techniques standalone applications 

In recent times, many studies have been conducted on 
energy management of hybrid systems using 
intelligent techniques, such as genetic algorithm 
(GA), differential evolution (DE), neural network, 
fuzzy logic, and neuro-fuzzy, among others. This 
subsection reviews some of these studies. A more 
detailed review on the fuzzy logic application in 
energy management systems will be presented in a 
later section. 

Abedi et al. [17] presented a novel method for 
determining the optimum power management strategy 
of hybrid power systems consisting of various sources 
of energy and storage systems. In this research, the 
dispatch strategy employed gives priority to the 
effective use of renewable energy sources (PV and 
wind) to meet the load demand, while other sources 
have no predefined priorities except for the priorities 
determined by the power management optimization 
process. The excess energy from the renewable 
energy resources is then used to charge the energy 
storage devices (electrolyzer and battery) on a charge 
share basis. The power management optimization is 
integrated with sizing algorithms to minimize the 
overall system cost, unmet load, and fuel consumption 
in consideration of the unpredictable nature of the 
renewable energy sources (wind and PV). A 
differential evolution algorithm with fuzzy logic was 
used for the nonlinear multi objective optimization 
problem of the hybrid system. The design parameters 

of the system components and the EMS parameters 
(monthly charge shares of the storage device, monthly 
discharge shares of the hybrid generators, start-
up/shutdown limit of the generator, and energy 
storage SOCs) were obtained as the optimum solution. 
The result of the numerical data obtained from the 
calculation of the optimum monthly tilt angle of the 
PV panels and the optimum tower height of the wind 
turbine were compared with the optimal sizing result 
obtained at pre-defined EMSs without the developed 
EMS optimization algorithm. The results indicated the 
efficiency and capability of the proposed strategy for 
a hybrid power system. 

C. Energy management systems in grid-connected 
hybrid renewable energy systems 

In this section, we review a number of papers that 
analyzed grid-connected hybrid renewable energy 
systems. Each study strongly recommended an energy 
management strategy that could be used to control the 
flow of energy among the various energy generation 
and storage systems from one side of the grid to the 
other. The papers that analyzed renewable energy 
sources integrated with a smart grid are reviewed in 
the following section, and those suggesting a fuzzy 
system to perform the energy control are reviewed in 
a separate section. Some of the reviewed studies used 
linear programming to implement energy 
management, whereas the others used intelligent 
techniques for this purpose.  

The following two sections include the studies that 
used these two approaches to implement energy 
management for grid-connected applications. As 
previously mentioned, the studies using fuzzy logic 
systems to implement energy management are 
reviewed in a separate section as many of them adopt 
this intelligent technique for this purpose. 

D. Energy management strategies in smart grids 
including renewable energy sources 

Over the last few decades, the way electricity is 
generated, transmitted, and consumed has changed. 
The need for a reliable energy source and a secure 
energy supply that does not depend on fossil fuels is a 
vital goal of most countries. Smart grids with 
integrated renewable energy sources fall under this 
goal. In smart grids, smart meters, intelligent sensors, 
and an instantaneous two way energy information 
transmission between the energy sources and the 
consumers should be available. This availability 
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enables the system to successfully manage energy 
delivery to consumers while allowing consumers to 
have their own energy consumption decisions. 
Although many opportunities can be achieved by 
smart grids, a number of challenges may arise because 
of the inclusion of renewable energy sources in these 
smart grid systems. Phuangpornpitak and Tia [17] 
presented some of these opportunities and a number 
of these challenges. The congestion in distribution 
networks caused by excess energy generated by 
renewable sources in certain instances and the 
intermittency in the generation in other periods are 
some of these challenges. 

IV.    Findings and discussions 
This review paper provides an intensive review of the 
strategies used to implement energy management in 
standalone hybrid renewable energy systems and grid-
connected hybrid renewable systems. Special 
attention has been given to the energy management 
strategies used in smart grids.  

Adopting a certain energy management strategy is 
essential to control the flow of energy among the 
various components (energy sources, storage devices, 
and loads) comprising the hybrid energy system. One 
or more than one of the following objectives can be 
obtained by following a certain energy management 
strategy: 

1. Achieving a high level of system reliability 
and decreased percentage of occurrence of 
electricity interruptions. 

2. Achieving high operational efficiency. 

3. Reducing the cost of energy generated. 

4. Increasing the lifetime of the components 
comprising the hybrid system. 

V.    Conclusions and Recommendations 

A review of the strategies and approaches used to 
implement energy management both in standalone 
hybrid renewable energy systems and grid-connected 
hybrid renewable systems was conducted in this 
study. Special attention was given to the energy 
management strategies used in smart grids. Energy 
management strategies based on fuzzy logic systems 
were also addressed in detail. The application of 
energy management strategies in hybrid renewable 
energy systems is critical in achieving a high level of 
system reliability and operational efficiency. It has 

also helped in reducing the cost of energy generated 
and in increasing the life span of hybrid components, 
most especially energy storage devices (batteries). As 
the level of penetration of renewable energy sources 
increases, the need for a real-time and robust energy 
management approach becomes important for the 
hybrid connection of these energy sources together 
and with the energy storage devices. Therefore, 
further research should be conducted in this area to 
improve further the reliability of the entire system. 
Some of the features that characterize renewable 
energy sources are their variability and intermittency. 
Intermittency covers both the predictable variability 
and the unpredictable variations. Hybrid systems 
based on renewable energy sources are usually 
designed to consider this intermittency, and they aim 
to increase the reliability of these energy systems and 
decrease the percentage of occurrence of electricity 
interruptions. As these considerations are taken into 
account in the design, renewable sources sometimes 
generate more energy than the load requirement. This 
excess energy is usually dumped through the dump 
load. Developing an energy management strategy that 
utilizes this excess energy by directing it into certain 
loads, such as water heating with storage tanks, 
surrounding heating or air-conditioning, and pumping 
water, among others, is recommended. 
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